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Three-Dimensional Structure of Dimeric Human
Recombinant Macrophage Colony-Stimulating Factor

Jayvardhan Pandit, Andrew Bohm, Jarmila Jancarik,
Robert Halenbeck, Kirston Koths, Sung-Hou Kim*

Macrophage colony-stimulating factor (M-CSF) triggers the development of cells of the
monocyte-macrophage lineage and has a variety of stimulatory effects on mature cells
of this class. The biologically active form of M-CSF is a disulfide-linked dimer that
activates an intrinsic tyrosine kinase activity on the M-CSF receptor by inducing dimer-
ization of the receptor molecules. The structure of a recombinant human M-CSF dimer,
determined at 2.5 angstroms by x-ray crystallography, contains two bundles of four o
helices laid end-to-end, with an interchain disulfide bond. Individual monomers of M-CSF
show a close structural similarity to the cytokines granulocyte-macrophage colony-
stimulating factor and human growth hormone. Both of these cytokines are monomeric
in their active form, and their specific receptors lack intrinsic tyrosine kinase activity. The
similarity of these structures suggests that the receptor binding determinants for all three

cytokines may be similar.

Macrophage colony-stimulating factor (M-
CSF) is one of a group of at least 18
glycoproteins, collectively known as hema-
topoietic growth factors, that regulate the
growth and differentiation of blood cells
(I). Native M-CSF is a 70- to 90-kD
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homodimer that stimulates proliferation
and supports survival and differentiation of
cells of the mononuclear phagocyte series
(2). It also potentiates the ability of mature
mononuclear phagocytes to perform their
differentiated functions by enhancing their




Table 1. Diffraction data.

Parameter Native K,Hg(SCN), Pt(NH,CI),
Resolution (&) 2.0 2.0 25
Total observations (no.) 65,871 62,645 34,985
Unique reflections (no.) 18,842 19,021 9,190
Rrerge (%) 7.01* 6.9t 5.8t

*>0. t/I>1o,

Ligand binding domaln Varlable length spacer

Fig. 1. Three biologically active forms of
M-CSF. The open boxes (signal sequence),
filled boxes, and transmembrane boxes (TM)
are identical in all three forms. The stippled
boxes represent sequences common to
M-CSFB and M-CSFy, and the striped box
represents coding sequence unique to
M-CSFB. Proteolytic cleavage sites, by which
the hormone is presumed to be released from
the membrane, are indicated by arrows.

ability to kill infectious microorganisms and
tumor cells (3). In clinical trials, it has
shown promise in the cotrection of blood
cell deficiencies and fungal infections that
arise as a side effect of chemotherapy and
radiation therapy for cancer (3). In adult
animals, M-CSF exerts its pleiotropic ef-
fects by binding a high-affinity cellular re-
ceptor. The M-CSF receptor is encoded by
the c-fms proto-oncogene and is a member
of a family of growth factor receptors that
exhibit ligand-induced, tyrosine-specific
protein kinase activity (4).

In contrast to other hematopoietic
growth factors, M-CSF is biologically active
only in a disulfide-linked dimeric form. By
cDNA cloning, three forms of M-CSF have
been found, M-CSFa (5) [256 amino acids
(aa)],-M-CSFB (6) (554 aa), and M-CSFy
(7) (438 aa). All three forms are identical
in their NH,- and COOH-terminal re-
gions, but M-CSFB and M-CSFy contain
inserts at residue 149 as a result of alterna-
tive mRNA processing (Fig. 1). Fully active
forms of M-CSF have been produced by
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using constructs that express as few as the
first 150 aa of M-CSFa, demonstrating that
the COOH-terminal region is not required
for in vitro activity (8). The COOH-termi-
nus does contain a transmembrane region
that is believed to anchor some forms of
M-CSF in an active, cell-associated form.
The native secreted form of M-CSFa is
generated by proteolytic cleavage of the
membrane-bound form at or near residue
158. Here we report the backbone structure
of an active, non-glycosylated and truncat-
ed sequence (residues 4 to 158) of M-CSFa
determined at 2.5 A resolution by x-ray
crystallography.

Recombinant human M-CSF was puri-
fied from Escherichia coli and renatured in
vitro to form a dimeric protein containing
seven disulfide bonds (9). The specific bio-
logical activity of this non-glycosylated,
truncated M-CSF is equal to that of glyco-
sylated native M-CSF purified from human
urine or recombinant M-CSFa secreted
from CHO (Chinese hamster ovary) cells
(10). The discovery that a dimeric M-CSF
molecule containing seven to nine disulfide
bonds could be propetly refolded in vitro
was not entirely expected.

A modified sparse matrix sampling
method (11) was used to search for crys-
tallization conditions. The best crystals
were grown by vapor diffusion against 0.2
M MgCl,, 100 mM tris-HCI, pH 8.5, and
23% polyethylene glycol 4000. The crys-
tallization solution contained equal vol-
umes of the reservoir and protein solution
(10 mg/ml). The crystals have an ortho-
rhombic space group P2,2,2,, with unit

Table 2. Phase refinement.

REPORTS

cell parameters of a = 33.54, b = 65.26,
and ¢ = 159.63 A, and diffract to 2.0 A
resolution when exposed to synchrotron
radiation.

Intensity data were collected with im-
aging plates mounted on a Weissenberg
camera modified for macromolecular crys-
tallography (12) at the Photon Factory in
Tsukuba, Japan. All data were collected
with 1.00 A wavelength x-rays and were
processed with the program package WEIS
(13). Two crystal settings were used to
collect native data to a nominal resolution
of 2.0 A. Two derivatives were prepared
by soaking crystals in heavy atoms dis-
solved in the reservoir solution. Both
soaked crystals diffracted strongly, potassi-
um mercury thiocyanate derivative to 2.0

and trans-dichloro-diammine platinum
derivative to 2.5 A. Isomorphous and
anomalous difference Patterson maps
clearly revealed one site for the Hg and
two sites for the Pt derivative. Both deriv-
atives proved to be non-isomorphous at
high resolution and provided reliable
phase information only to 3.0 A. Anom-
alous and isomorphous phase information
was used in initial phase refinement with
the PROTEIN program package (14). The
final figure of merit was 0.62 (10.0 to 3.0
A, 6960 reflections, Tables 1 and 2).
After solvent flattening (15), two bundles
of four a helices related by an approxi-
mate twofold axis could be seen in the
electron density map. Rotation and trans-
lation parameters of this non-crystallo-
graphic axis were refined by a density
correlation method (16). Phases were
then iteratively refined by molecular aver-
aging and solvent flattening (17) with a
manually defined mask for averaging (18).
Chain tracing and model building were
done in the resulting map [with the pro-
gram FRODO (19)] keeping the original
map as a reference.

The starting partial model for refine-
ment contained only a polyalanine back-
bone for eight helices making up the two

Resolution (&)

Parameter Overall
7.7 6.3 5.3 4.6 4.1 3.6 3.3 3.0
) Native
Reflections (no.) 190 365 534 699 928 1149 1430 1665 6960
Figure of merit 058 067 066 064 0.64 0.61 0.59 0.62 0.62
K Ha(SCN),

R*cuiis 059 074 077 075 0.82 0.79 0.82 0.67 0.77
Phasing powert 1.54 1.46 1.22 115 093 0.86 0.97 1.50 1.16
Pt(NH,CI),

Rewis 076 069 059 074 0.80 0.76 0.73 0.93 0.77
Phasing power 1.13 1.70 1.87 1.16  0.99 1.03 1.16 0.95 1.33

*Cullis R factor for centric reflections.
residual lack-of-closure error.
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bundles. Positional refinement with the
program XPLOR (20) gave an R factor of
0.49 to 3.0 A. Partial model phase combi-
nation with the refined multiple isomor-
phous replacement phases resulted in a map
of sufficient quality to allow the tracing of
two long connected stretches of density
running parallel to the four-helical bundle
and a short loop connecting two of the
helices. Two strong peaks in the density,
one at the top of the first helix and the
second lying directly on the molecular two-
fold axis, were assigned as disulfide-bonded
cysteines. The number of residues between
these two peaks uniquely identified the
position in the sequence of these cysteines
and consequently the sequence of the inter-
vening residues. This initial registration
was confirmed by the presence of a number
of regions of strong density corresponding
to aromatic side chains in the sequence.
Partial model phase combination with the
added loops and those side chains that were
visible allowed the remaining residues to be
registered, thus determining the overall to-
pology of the molecule. The presence of
seven disulfide bonds in the dimer, whose
connectivity was unknown, made the ini-
tial chain tracing difficult but, once correct-
ly assigned, provided a strong confirmation
for the correctness of the tracing.

Further cycles of model building and
refinement were carried out, eventually
with the use of data from 8.0 to 2.5
A resolution [F > 20(F)] to yield an R
factor of 0.197. Forty-five water molecules,
clearly visible in (F, — F_) maps, are part of
the current model. The model at the pre-
sent stage of refinement has root-mean-
square (rms) deviations from ideal geometry
of 0.019 A for bond lengths and 3.7° for
bond angles. The two monomers related by
noncrystallographic symmetry have an rms
deviation of 0.55 A for 145 a-carbon atoms
and 0.37 A for 64 a-carbon atoms in the
helical bundles alone. Eleven side chains
are still not visible in the density and have
been excluded from the current model.
This model is also missing residues 154 to
158 in molecule A and residues 149 to 158
in molecule B at the COOH-terminus. The
biological activity of M-CSF has been
shown to be unaffected by the deletion of
these ten residues (10), and it is interesting
to note that residue 149 demarks an intron-
exon border that may divide functional
domains. It has been proposed (7) that
M-CSF is expressed in variable lengths from
a single gene in order to provide membrane-
associated molecules with variable length
tethers (Fig. 1). The membrane-associated
form of M-CSF is also known to be biolog-
ically active and can functionally interact
with receptor-bearing targets by direct cell-
cell contact (21). The missing COOH-
terminal residues probably represent the
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Fig. 2. Backbone structure of M-CSF. (A) Two
views of a ribbon diagram highlighting the
secondary structural elements: helices are
shown as spiral ribbons and B strands as
arrows (37). All of the Cys residues have been
represented by a ball-and-stick model. Nand C
mark the termini. (Left) The noncrystallographic
twofold axis is indicated by a dashed line.
(Right) A view down the molecular twofold axis.
(B) Topological structure, showing all the disul-
fide bonds. N and C mark the termini. Topolog-
ical structures of GM-CSF (upper left) and GH
(lower left) are shown for comparison. (C) A
stereo Ca diagram with every tenth residue
labeled. The noncrystallographic axis is shown
as a dotted line.

>
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Fig. 3. Stereo views showing the superposition of Ca atoms of M-CSF (residues 4 to 149, thick lines)
with (A) GM-CSF (residues 5 to 123, thin lines) and.(B) GH (residues 1 to 190, thin lines). See Table
3.

beginning of the flexible tether region.

M-CSF is known to have a covalently
linked dimer as the active receptor-binding
moiety. Our analysis reveals that the dimer
is formed by linking two four-helix bundles
end-to-end, forming an extremely flat,
elongated structure (approximate dimen-
sions 80 by 30 by 20 A, Fig. 2, A and C).
There are three intramolecular disulfide
bonds in each monomer (Cys’-Cys®,
Cys®-Cys'??, and Cys'-Cys!4), all of
which are at the ends distal to the dimer
interface. One interchain disulfide bond
(Cys31-Cys3!) is located at the dimer inter-
face with the noncrystallographic twofold
symmetry axis passing through it. The total
surface buried by dimerization is ~850 AZ
from each monomer, which constitutes
about 9% of the total exposed area of a
monomer (22).

Mutation experiments (8) have shown
that the first six Cys residues in each chain
are essential for biological activity. Our
structure suggests that these cysteines are
important for structure formation or stabil-
ity rather than being directly involved in
receptor recognition.

The overall topology of an M-CSF
monomer is that of an antiparallel four-
a-helical bundle, in which the helices run
up-up-down-down (Fig. 2B). This structure
is unlike the more commonly observed up-
down-up-down connectivity of most four-

helical bundles (23). A long crossover con-
nection (residues 25 to 45) links helix A to
helix B and a similar connection (residues
88 to 109) is found between helices C and
D. Residues 33 to 38 from the first connect-
ing strand and 103 to 108 from the second
strand form an antiparallel  ribbon that fits
into one “side” of the four-helix bundle. It
is interesting that all other examples of
four-a-helical bundle proteins that have
this connectivity are also cytokines: granu-
locyte-macrophage colony-stimulating fac-
tor (GM-CSF) (24), human growth hor-
mone (GH) (25), and porcine growth hor-
mone (PGH) (26). The solution structure
of another -cytokine, interleukin-4, as de-
termined by nuclear magnetic resonance
spectroscopy, also shows the same topology
27).

Although M-CSF has no significant
sequence homology with GM-CSF or GH,
comparison with the recently published
structures of these cytokines shows a re-
markably conserved pattern of secondary
and tertiary structure (Fig. 3 and Table 3).
Superposition of M-CSF and GM-CSF
reveals that in addition to the four a
helices, the short B ribbon can also be
overlapped in the two structures. Differ-
ences in the three structures are in the
relative lengths of the helices and the
connecting loops. Also, the Cys cross-
links in all three structures are completely
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Table 3. The residues used for calculating the
best superposition and the root-mean-square
(rms) deviations in their Ca positions. The total
rms deviation for 51 residues between M-CSF
and GM-CSF is 1.8 A, and for 66 residues be-
tween M-CSF and GH is 1.7 A,

Secondary \; ~sr/GM-CSF

structure M-CSF/GH
Helix A 13-22/20-29 13-26/11-24
Helix B 53-61/58-66 52-63/74-85
Helix C 80-89/73-82 71-90/108-127
Helix D 111-123/104-116  110-129/166-185
B-Strand | 35-39/40-44
B-Strand Il  102-105/97-100

different (Fig. 2B), despite the overall topol-
ogy being identical. In all three proteins, the
four-helical bundle is coded for by a gene
made up of four exons. The exon-intron
junctions occur at nearly the same positions
in the three-dimensional structure in all
three cases, at the end of helix A, at the
beginning of helix B, at the end of helix C,
and at the end of helix D.

Bazan (28) aligned the sequences of
M-CSF and stem-cell factor (SCF) by reg-
istering equivalent exons in the respective
genes and then matching exon-encoded
secondary structure by predictive algo-
rithms. His prediction of a GH-like topol-
ogy for M-CSF is borne out by the present
study. Interestingly, SCF lacks three of the
seven cysteines found in M-CSF. Two of
these, Cys!®2 and Cys'%, are disulfide-
linked to each other in M-CSF, and the
third, Cys®!, makes an intermolecular di-
sulfide bridge between M-CSF monomers.
It would seem that the end-to-end packing
of the four-helix bundles seen in M-CSF
may, in SCF, form a stable dimer, even in
the absence of the intermolecular disulfide
bond due to the relatively large contact
surface area (~850 A?) between the mono-
mers.

The extracellular domains of a number
of cytokine receptors are structurally and
perhaps evolutionarily related (29). This
hematopoietic growth factor receptor fami-
ly does not have a tyrosine kinase activity,
and includes receptors for GM-CSF;
G-CSF,; interleukins-2, -3, -4, <5, -6, and
-7; GH; prolactin; and erythropoietin. The
M-CSF receptor, on the other hand, be-
longs to another family, the subclass III
receptor tyrosine kinases. These receptors
bind dimeric forms of M-CSF, SCF, and
platelet-derived growth factor (PDGF),
leading to kinase activation and phosphor-
ylation of many substrates involved in the
production of second messengers (30).

The fact that M-CSF adopts the same
folding motif as the other cytokines, and
indeed has a close structural similarity,
suggests that analogous regions on the hor-
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mone may be involved in receptor binding
for both classes of receptors. By analogy
with GH and GM-CSF, this would indicate
that the exposed surface of helix D or the
residues on the “side” of the bundle on
helices A and C are most likely to be
implicated in receptor binding.

It seems that a four-helical bundle with
the distinctive “double-overhand” topology
is a common structural scaffolding adopted
by all the cytokines that bind receptors
belonging to the hematopoietic superfamily
and subclass III receptor tyrosine kinases.
This structural motif is preserved across a
diverse array of hormones that often possess
no detectable sequence homology.
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Consequences of Replication Fork Movement
Through Transcription Units in Vivo

Sarah French

To examine the basis for the evolutionary selection for codirectionality of replication and
transcription in Escherichia coli, electron microscopy was used to visualize replication from
an inducible ColE1 replication origin inserted into the Escherichia coli chromosome up-
stream (5') or downstream (3’) of rrnB, a ribosomal RNA operon. Active rrnB operons were
replicated either in the same direction in which they were transcribed or in the opposite
direction. In either direction, RNA polymerases were dislodged during replication. When
replication and transcription were codirectional, the rate of replication fork movement was
similar to that observed in nontranscribed regions. When replication and transcription
occurred in opposite directions, replication fork movement was reduced.

RNA polymerases (RNAPs) and DNA
polymerases (DNAPs) are highly processive
enzyme complexes that use the same DNA
template to guide their activities. Unless

* transcription and replication are spatially or

temporally separated, there may be times in
the cell cycle when RNAPs and DNAPs
must compete for right-of-way along the
same stretch of DNA. Replication in Esch-
erichia coli is initiated bidirectionally from a
single site, 0riC. In rich medium, the time
it takes to replicate the chromosome is
longer than the doubling time of the cell
(I). In order for each daughter cell to
receive a full chromosomal complement
under these conditions, a new round of
replication must be initiated before the
previous round is completed. Six or more
replication forks may, therefore, be present
on the chromosome at the same time.
Rapid cell growth also requires high
amounts of gene expression to provide ad-
equate amounts of cellular precursors. Be-
cause DNA replication in E. coli proceeds
at 20 times the rate of transcription (2, 3),
collisions between RNAPs and DNAPs can
occur. How are these conflicts resolved?
The bacterial chromosome apparently is
organized to avoid head-on collisions be-
tween DNAPs and RNAPs (4, 5). Codirec-
tionality of replication and transcription
predominates, especially for genes that are
frequently transcribed (5). Of the genes
known to encode protein synthesis machin-
ery, 90% are transcribed in the same direc-
tion in which they are replicated. It has
been postulated that, if replication and
transcription are codirectional, replication
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forks can follow slowly behind RNAPs until
transcription is terminated (5). At that
point, replication can continue at its nor-
mal speed. Head-on collisions would be
more difficult to resolve, consistent with an
apparent evolutionary selection against
their occurrence.

-Researchers’ efforts to visualize the inter-
action between replication and transcrip-
tion (6) have been subject to uncertainties
about where the replication originated,
what the transcriptional state of the DNA
was before replication, and whether ob-
served replication forks were moving or
stationary. I have inserted here an induc-
ible replication origin into the E. coli chro-
mosome in a region that is well character-
ized, easily recognized, and frequently tran-
scribed. Using the Miller chromatin spread-
ing technique (7, 8) in conjunction with
electron microscopy, I observed the posi-
tions of replication forks relative to tran-
scribing RNAPs after induction of replica-
tion.

The inducible replication origin was in-
serted upstream or downstream of rmB. One
of seven ribosomal RNA (rRNA) operons in
E. coli, rmB is a good template over which
to view the interaction of replication and
transcription because it is long [5.4 kb (9)]
and actively transcribed [12 RNAPs per
kilobase (7)]. The rRNA operons are easily
recognized in chromatin spreads by their
unique morphology (Figs. 1A and 2A).
They are densely packed with RNAPs, and
the processing of transcripts between the
16S and 23S cistrons (10) gives rise to two
gradients of increasing transcript length.
The mB operon can be identified by its
proximity to the tufB transcription unit 4
kb downstream (7). No other rm operon



