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ABSTRACT The crystal structure of re-
combinant human granulocyte-macrophage
colony stimulating factor (rhGM-CSF) has been
refined against data extending to a resolution
of ~2.4 A along a* and ~1.9 A along b* and c*.
Anisotropic scale factors of B,; = ~20.8 A%, B,,
= 7.4 A%, By, = 13.3 A2 corrected for the more
rapid fall of diffraction in the a* direction. The
anisotropy correlates with the weak crystal
packing interactions along the a axis. In addi-
tion to apolar side chains in the protein core,
there are 10 buried hydrogen bonding residues.
Those residues involved in intramolecular hy-
drogen bonding to main chain atoms are better
conserved than those hydrogen bonding to
other side chain atoms; 24 solvation sites are
observed at equivalent positions in the two mol-
ecules in the asymmetric unit, and the strongest
among these are located in clefts between sec-
ondary structural elements. No buried water
sites are seen. Two surface clusters of hydro-
phobic side chains are located near the ex-
pected receptor binding regions. Mutagenesis
of 11 residues on the helix A/helix C face con-
firms the importance of Glu-21 and shows that
Gly-75 and GIn-86, located on helix C, each
cause a greater than fourfold drop in activity.
Glu-21 and Gly-75, but not GIn-86, are structur-
ally equivalent to residues involved in the
growth hormone binding to its receptor.
© 1996 Wiley-Liss, Inc.

INTRODUCTION

The development of macrophages and granulo-
cytes is governed by protein hormones, called col-
ony-stimulating factors, which function as intercel-
lular messengers that bind and stimulate specific
high-affinity receptors on the surface of appropriate
progenitor cells.! Granulocyte-macrophage colony-
stimulating factor (GM-CSF) has a broad range of
activities, including participation in the generation
of erythrocytes® and dendritic cells,® as well as the
modulation of antibody-mediated neutrophil phago-
cytosis,* endothelial cell migration,® and alveolar
macrophage surfactant processing.® GM-CSF has
been approved for medical use and is expected to
show the most promise for the reduction of neutro-
penia, a condition that can follow such procedures as
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bone marrow transplantation or cancer chemother-
apy. Two independent crystal structures of rhGM-
CSF7® show it folds into an antiparallel four-helix
bundle that is slightly open on one side to accommo-
date a short two-stranded antiparallel B-sheet (Fig.
1). The four helices are arranged in the up-up-down-
down topology characteristic of the “short-chain”
subgroup within the helical bundle family of cyto-
kines.® We have carried out a detailed comparison of
GM-CSF with the other four structurally known
short-chain cytokines (interleukin [IL]-2, IL-4, IL-5,
and MCSF) to define a common structural core
which includes about half of the residues in each
structure.®

The receptors for helical bundle cytokines mostly
belong to the hematopoietin receptor superfam-
ily,112 and the crystal structure of the growth hor-
mone-receptor complex'®!* provides a framework
for thinking about helical bundle cytokine receptor
interactions. In the growth hormone complex, two
identical receptor chains bind different sites on the
single asymmetric ligand. The first receptor recog-
nizes helices D and A and the loop connecting heli-
ces A and B (designated “site 1”), while the second
receptor chain to bind recognizes the A and C helices
(designated “site 2”). In the case of GM-CSF, two
different receptor subunits (« and B) are involved:
an a subunit that is capable of low-affinity (nM)
binding to GM-CSF and confers cytokine specific-
ity,'® and a B subunit that by itself is not capable of
binding GM-CSF, but, together with the a subunit
which builds a high-affinity (pM) receptor. The GM-
CSF receptor B subunit can also combine with dif-
ferent a subunits specific for IL-3 and IL-5 to form
the high-affinity receptors for those cytokines.!®

As reviewed by Mott and Campbell,'” most avail-
able evidence suggests that GM-CSF is recognized
in a similar manner, with the regions on GM-CSF
equivalent to site 1 and site 2 of growth hormone
binding to the receptor o subunit and B subunits
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Fig. 1. The structure of human GM-CSF. (A) Ribbon repre-
sentation®® of rhGM-CSF showing o helices A-D (blue), -strands
B1 and B2 (red), extra a helix (violet), disulfide bonds (green}), and
connecting loops (white).

respectively. In particular, Glu-21 has been shown
to be crucial for binding to the B subunit,'®® and
two Glu-21 mutants have been shown to act as an-
tagonists.2’ In another study, a polyclonal antise-
rum raised against a synthetic peptide correspond-
ing to part of helix D was shown to both bind GM-
CSF and block its activity.?’ In addition, an
antiidiotypic antibody, which might resemble the
peptide itself, was shown to block low-affinity bind-
ing, demonstrating that this region of helix D prob-
ably interacts with the a subunit. In a separate
study, site-directed mutants with Glu-108 or Asp-
112 of helix D substituted by Arg, displayed a re-
duced signaling ability and reduced affinities for
both the aB-receptor complex and the o subunit
alone.’® One conflicting study recently reported
that an antibody recognizing helix C of GM-CSF in-
terfered with binding to the receptor o subunit sug-
gesting that GM-CSF receptor interactions may not
be completely consistent with the growth hormone
analogy.??

In our initial structural report,” we defined a pu-
tative receptor binding site that involved residues
on the A and C helices of GM-CSF. Based on the
growth hormone analogy, this proposed receptor
binding site corresponds largely to site 2. In this
report, we describe the fully refined crystal struc-
ture of human GM-CSF and use site-directed mu-

Fig. 1 continued. (B) Secondary structure (colors as in Fig. A)
and solvent accessibility (square = <20% exposed; oval= >20%
exposed) of each residue, and highlighting the residues corre-
sponding to receptor binding site 1 (cyan) and 2 (yellow) of growth
hormone. We have included residues 45, 46, 99, and 102 as part
of the putative site 1 because the crossover regions of growth
hormone involved in receptor binding are close to these residues
in the structural superposition. Although the greater length of the
growth hormone helices allows for multiple reasonable structural

alignments of GM-CSF, we have shown previously that one align-
ment (pairing GMCSF residues 20, 60, 70, and 110 with growth
hormone residues 11, 77, 114, and 173, respectively) is markedly
better than the rest.'® This best alignment is different than that
published by Goodal et al.?® for GM-CSF and growth hormone. In
the GM-CSF/growth hormone alignment represented here, the
buried GMCSF residues Ala-22, Leu-59, Leu-73, Leu-114, and
Phe-113 are aligned with identical residues. but no identities exist
among the solvent-exposed residues.
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tagenesis of exposed residues on helices A and C to
directly document their importance.

METHODS
High-Resolution Data Collection

The protocols for the crystallization of rhGM-CSF
and x-ray diffraction data collection at 2.4 A resolu-
tion have been described earlier.”2® The crystals
grow in space group P2,2,2, with unit cell a = 47.6,
b = 59.1, ¢ = 126.7 A and two molecules in the
asymmetric unit. The crystals of GM-CSF diffract
anisotropically, with diffraction in the a* direction
falling into the noise near 2.7 A resolution and dif-
fraction in the b* and c* directions extending to
somewhat beyond 2 A resolution (Fig. 2). Therefore,
to minimize the amount of crystal x-ray beam expo-
sure and maximize the quality of the data, only re-
flections with high k and 1 indices, but low h indices,
were collected from two additional crystals. These
data were then combined with the previous data us-
ing the software accompanying the San Diego Mul-
tiwire Systems area detector.?* A summary of the
completeness and quality of the data is included in
Figure 2.

Structure Solution

The structure was solved in a stepwise fashion by
multiple isomorphous replacement (MIR) and par-
tial model refinements, aided by noncrystallograph-
ical symmetry (NCS) averaging.” Some important
details of the structure solution and refinement that
have not yet been reported are included here. A total
of seven heavy atom derivatives were found, all of
which had reasonable phasing power at 6 A resolu-
tion, but poor phasing power beyond 4 A resolution.
We found that with these multiple derivatives, the
statistics (phasing power, Rc, figure of merit) re-
ported by the phasing program were rather insensi-
tive to which derivatives were included in the phas-
ing, so we developed an independent probe of phase
quality based on the known noncrystallographic
symmetry (NCS) of this crystal form. For this pur-
pose, electron density maps in incremental resolu-
tion ranges (infinity—6, 64, and 4-3.5) were pro-
duced, and their NCS correlation coefficient was
calculated in order to assess the quality of the
phases in the respective resolution ranges. This
proved to be a valuable tool to monitor progress dur-
ing the refinement of heavy atom models and to se-
lect which derivatives were making useful contribu-
tions. Finally, four heavy atom derivatives were
choosen to calculate phases at a resolution of 3.5 A
with an overall figure of merit of 0.60. Using these
MIR phases, the NCS correlation coefficients were
0.62, 0.39, and 0.14 in the three resolution ranges
specified above. This method has been used to test
the performance of various phasing programs inde-
pendent of the statistics they report.2®

Iterative solvent flattening based on the CCP4 li-
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Fig. 2. Diffraction data quality and Luzzati Plot. (A) The signal-
to-noise ratios of the diffraction data are separately shown as a
function of the h (dotted line), k (thin solid line), and | (thick solid
line) indices. To obtain reasonable statistics, each line includes
reflections with the other two indices out to (6 A)~" from the axis,
but the resolution in each case is an effective resolution based
only on the value of the primary index. Also included is the percent
completeness as a function of resolution (all data, solid line, data
with F > 20, dotted line). The data are >95% complete to 2.4 A
resolution and uniformly near 33% complete between 2.4 and 2.0
A resolution. In this high-resolution range, the data collected is not
a random sample, but includes all of the data with low h (<8) and
high k and/or |. (B) The R factor for the final model (thick line and
dotted line for data with F > 2¢) is shown as a function of reso-
lution. The solid thin fines are the theoretical curves from Luzzati®'
for 0.25, 0.30, and 0.35 A residual error in the model!. The sparsely
dotted line represents the internal agreement (R,,) of the data.
Note that the precision in the data clearly limits the progress of the
refinement, as the R-factor plot paraliels the R, plot beyond about
3 A resolution. The overall R, for the data setis 9.7%. R factor =
[ ™ P Vil Fo™, R = |F™ P~/ Z
[Fo™, where F, is an observed structure factor and F_ is a cal-
culated structure factor.

brary®® was used both with and without NCS aver-
aging to improve the quality of the map. The elec-
tron density map produced when NCS information
was included in the phase refinement appeared to be
of higher quality and was used for fitting. A com-
parison with the final calculated phases showed that
solvent flattening alone produced a 6° phase im-
provement, and solvent flattening and NCS to-
gether produced a 13° improvement. In the NCS-
averaged 3.5 A resolution map, four helices were
clearly visible, but their directions and the connec-
tions between them were not clear. 68 residues of
poly-Ala, plus residues 54-70 and 99-116 were
built into an initial model accounting for these four
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helices. In this model only residues 99-116 (helix D)
were correctly fit, but the other three helices were
built in the wrong direction. After generating the
second molecule by the NCS operator, refinement
was carried out with the slow cool protocol of
X-PLOR?? with NCS restraints. To our surprise, an
averaged 2F_-F, map based on this rather crude
model (R = 37.6% for 7-2.8 A resolution data) had
improved clarity, allowing us to see the correct di-
rections of all four helices. Although sequence could
still not be placed, Leu residues were built at posi-
tions with visible side chain density, resulting in a
model encompassing 85 residues of poly-Ala/poly-
Leu and residues 99-116. After the second round of
refinement, the sequence of rhGM-CSF could be
clearly recognized in several places in the model-
phased 2F -F. map and the two known disulfides
exhibited strong density. Using this information,
proper connections were made between the helices
to result in a model consisting of residues 8-122.
After refinement at 2.4 A resolution, the last major
changes in the model were to shift residues 3450
(including the residues in strand B1) by two resi-
dues, and to add residues 57 and 123. Two further
rounds of refinement without NCS restraints led to
the model reported by Diederichs and colleagues.”

Higher Resolution Refinement

For further refinement, the higher resolution data
were included and an anisotropic scale factor calcu-
lated by X-PLOR (version 3.0) was applied to the
observed data so that refinement could be carried
out against this scaled data. The final anisotropic B
factors were B,; = —20.8 A2, By, = 7.4 A2 By, =
13.3 A2 Without this scaling, the higher resolution
2F -F, electron density map showed “smearing” of
the density in the x-direction, reflecting the weak-
ness of the data with higher h indices. Before refine-
ment at 1.9 A, all ordered water molecules were re-
moved and they were only added back if they showed
electron densities >3 p,,,, in an F -F_ map, and >0.5
Prms iD the 2F -F_map and, for the sites with weaker
density, if they had at least one reasonable hydrogen
bond partner. Four rounds of conventional posi-
tional and individual isotropic temperature factor
refinements were then carried out without a sigma
cutoff in order to retain the weaker higher resolu-
tion data. The final model contained residues 4—124
of molecule A, residues 4—123 of molecule B, and 92
preferred hydration sites modeled as waters. The
waters are numbered 401-424 and 501-524 for
equivalent positions on molecules A and B, and 601
644 for additional sites. Within each group, the
lower numbered water sites have stronger electron
density. The final R factor was 23.5% for 19,868 re-
flections between 10 and 1.92 A resolution and
22.7% for the 18,384 reflections with F > 2¢(F). The
rms deviations from ideality are 0.013 A for bond
lengths and 1.6° for bond angles, and the rms devi-

ation of B factors of bonded atoms is 3.0 A% The
average main chain and side chain B factors are 38
and 42 A2 respectively. The somewhat high R factor
is probably related to the relatively high disorder in
these crystals, which leads both to low-accuracy
data and structural features not well accounted for
by a single isotropic model with overall anisotropic
scaling. We note in this regard that in oscillation
photographs taken at the Cornell High Energy Syn-
chrotron Source, there is a great deal of non-Bragg
or thermal diffuse scattering. The coordinates are
deposited in the protein data bank with access code
2GMF.

Mutant Generation and Analysis

GM-CSF mutants were prepared using oligonucle-
otide-based site-directed mutagenesis in M13 as de-
scribed.?® Activity of the mutants was characterized
using a cell proliferation assay as described in refs.
29 and 30. The assays for all mutants used purified
proteins and the reported numbers are averages of
two measurements.

RESULTS AND DISCUSSION
Model Quality

Although the nominal resolution of this analysis
is 1.92 A, the effective resolution is lower because of
the weak data resulting from the anisotropic diffrac-
tion of the crystals, and the anisotropic scaling,
which partially scales the stronger data in the b*
and c* directions down to match the weak data in
the a* direction (see Methods). Subjective evalua-
tion of the electron density for well-ordered regions
of the structure suggests that the effective resolu-
tion is closer to 2.2 A. A Luzzati plot®® (Fig. 2), in-
dicates that the average error for the coordinates of
the well-defined regions of the model is around 0.35
A. Among nonglycine residues, only Cys 54, in a
left-handed o-helical conformation, and Asp 120,
with ¢, near —105°, —100°, lie well outside the B
sheet and a-helical regions of the Ramachandran
plot. For both residues, the main chain electron den-
sities are well-defined and the conformations are
consistent between molecules A and B. Also, Cys-
121 in molecule A has ¢,§ near —140°, ~150°, but in
molecule B it has a more favorable ¢, = —140°,
—170°. Interestingly, all three residues are tied to
the formation of the disulfides bridging Cys-54:
Cys-96 and Cys-121:Cys-88. Overall the model has
changed little from the model refined at 2.4 A reso-
lution, with rms main-chain and side-chain shifts of
0.17 and 0.55 A. Key changes include correction of a
number of side-chain rotamers and more complete
placement of solvent.

A comparison of the two molecules in the asym-
metric unit allows an independent estimate of the
coordinate accuracy (Fig. 3). The overall rms devia-
tion in position between the subunits is 0.4 A for
main-chain atoms and 0.7 A for side-chain atoms,
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averaging near 0.3 A for the best ordered regions of
the main chain. This is close to the Luzatti estimate
for coordinate accuracy, suggesting that the ob-
served similarity between molecules A and B may
be limited by the precision of the analysis. The re-
gions of the molecule which deviate the most are the
N and C termini, and the loops connecting helix A to
strand Bl and strand Bl to helix B. The poorer
agreement of these four regions correlates with their
higher mobility (Fig. 3), emphasizing the relation
between mobility and coordinate accuracy. Also, as
these four regions are near other molecules in the
crystal, they may truly differ in conformation due to
their different environments. The significant differ-
ences in B factors between molecules A and B occur-
ring near residues 33 and 88 are likely due to unique
crystal contacts involving these residues (see Table
ID). The high average B factors (near 40 A2 do not
necessarily reflect an intrinsic looseness in the GM-
CSF core, as they also are affected by the level of
disorder in the crystal lattice. For instance, many
cases are known where a given protein crystallizes
in multiple crystal forms having very different lim-
its of resolution (and thus very different average B
factors).

Structural Features

The overall features of the GM-CSF fold (Fig. 1)
were described in our earlier work” and in the inde-
pendent crystallographic analysis of Walter and co-
workers.® Here, we describe more details of the
structure, in terms of the interactions and roles of
specific residues in stabilizing the fold. To guide the
discussion, an alignment of GM-CSF sequences from
various species is shown in Figure 5, together with a
designation of the final secondary structure and
which residues are considered as buried or solvent
exposed in our analysis.

Among the 44 buried residues, 30 are hydrophobic
(11 Leu, 4 Ile, 4 Phe, 4 Pro, 3 Ala, 2 Val, 1 Met and
1 Gly), 4 participate in disulfide bonds (Cys-54:
Cys-96 and Cys-88:Cys-121), 3 are hydrophobic yet
commonly form hydrogen bonds (Tyr-62, Tyr-84,
and Trp-122), and 7 are hydrophilic (His-15, Ser-29,
Asp-31, Arg-58, His-83, Thr-91, and Lys-107). The
majority of the buried contacts are formed by the
interdigitation of hydrophobic residues between ad-
jacent antiparallel helices so that mostly side chains
from helices A and B interact with those from heli-
ces C and D, while the residues of the B sheet inter-
act with the residues of helices B and D. Interest-
ingly, many of the similar hydrophobic residues are
clustered: a large patch of leucines is near the top of
the molecule, and the aromatic rings are arranged
in a column.

More noteworthy are the buried hydrophilic resi-
dues which are involved in side-chain:side-chain
and side-chain:main-chain hydrogen bonds that spe-
cifically bridge distant parts of the chain (Table I;
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Fig. 3. Comparisons of the coordinates and mobilities of the
noncrystalIographicallxrelated molecules. Upper panel: A plot of
the rms deviation (in A) versus residue number based on main-
chain atoms (thick line) or side-chain atoms (thin line). Lower
panel: The average main chain temperature factors (in A?) for
each residue are plotted for molecule A (thick line) and molecule
B (thin line). The locations of the secondary structural elements
are indicated.

Figure 4). The data in Table I show that those resi-
dues involved in side-chain:side-chain interactions
are not as well conserved as those which make side-
chain:main-chain interactions. This may be a gen-
eral feature of protein structure as recent mutagen-
esis experiments on the arc repressor have elegantly
documented how complementary substitutions of in-
teracting buried polar side chains can be replaced by
hydrophobic side chains with minimal effects on
structure and function.??> As we pointed out ear-
lier,!° this seems to have happened in GM-CSF ev-
olution as the positions of Ser-29, Asp-31, and Lys-
107, which form a buried hydrophilic cluster are
filled by Met, Val or Ala, and Ile, respectively, in
rodent GM-CSFs (Fig. 5). Buried side chains inter-
acting with main-chain atoms may be more con-
served because their loss directly affects main-chain
conformation and few complementary substitutions
may exist. For instance, it is difficult to imagine a
substitution for Arg-58 (Fig. 4) and the surrounding
residues that could conserve the interactions that
stabilize the threading of residues 43—54 inside the
long connection between helices C and D. Also, al-
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TABLE 1. Hydrogen Bonds Made by Polar
Atoms of Buried Side Chains

Buried atom Partner atom Distance (&)
*His-15-NE2 Phe-119-0 3.13.4)
Ser-29-0G Ser-69-0G 33—

Lys-107-NZ 3131
Asp-31-OD2 Lys-107-NZ 2.9 (—)
*Arg-58-NH2 Glu-45-0 3.43.0)
-NH2 Thr-53-0 3.3(2.9
Tyr-62-OH Asn-109-OD1 2.9 (2.5)
His-83-NE2 Asp-120-0 2.8 (2.8)
*Tyr-84-OH Pro-118-O 2.6 (3.0)
*Thr-91-0G1 Glu-93-0OE1 3.02.7
Lys-107-NZ Ser-29-0G 31@.1)
Asp-31-O0D2 2.9 (—)
Trp-122-NE1 none

Asterisks in the first column denote those residues which are
absolutely conserved among the known GM-CSF sequences.
The distances for molecule B are given in parentheses. Asp31
and Ser69 are modelled in somewhat different conformations
in molecule B, although the density for these residues suggests
there is actually a mixture of conformations present. Although
His-83 is not conserved, the Tyr replacement seen in murine
GMCSF (Figure 5) could conserve the side chain:main chain
hydrogen bond. Trp-122 is technically buried, but the NE1
atom is blocked from bulk solvent only by the side chain of
Glu-123 which has very high B-factors. The substitution
Trp122—Lys seen in murine GMCSF is accompanied by the
changes of neighboring residues Pro52—Leu and Leu49—>Phe
(Figure 5). Since a Lys may not properly fit into this pocket
without the complementary substitutions, structural effects
may account for the large loss of activity observed for a
Trp122—Lys mutation.?”

though Glu 93 (31% accessible) is not buried by our
criteria, it is conserved and plays a similar struc-
tural role, hydrogen bonding the main-chain amides
of Gln-56 and Thr-57 at the beginning of helix B
(Fig. 4).

Among the 81 solvent exposed residues, 15 are
negatively charged (3 Asp and 12 Glu), 11 are posi-
tively charged (5 Lys, 5 Arg, and 1 His), 29 are neu-
tral hydrophilic (8 Ser, 10 Thr, 4 Asn, and 7 Gln),
and 26 are hydrophobic (7 Pro, 5 Leu, 4 Ala, 3 Met,
2 Val, 2 Gly, 1 Ile, 1 Phe, and 1 Trp). The charged
side chains on GM-CSF are distributed with most of
the negatively charged residues on the BD face of
the molecule, and most of the positively charged res-
idues on the AC face. As has been noted before, this
leads to significant electrostatic dipole, which may
be important for receptor binding.?® Two local salt
bridges exist, one on helix A (Glu-21 to Arg-24) and
one on helix D (Glu-108 to Lys-111). Because ex-
posed hydrophobic residues are often crucial for re-
ceptor binding,>* we note that two exposed hydro-
phobic patches exist: the first spans across the lower
portions of helices A and D, and the loop from strand
B1 to helix B and includes Trp 13, Val 16, Met 46,
Leu 49, Leu 115, Val 116, and Phe 119; the second
spans across the upper portion of helix A and central
portion of helix C and includes Leu 25, Leu 28, Gly

75, Pro 76, Met 79, Ala 81. Interestingly, these re-
gions match well with the expected receptor binding
sites 1 and 2 (see Fig. 1).

Crystal Contacts

The GM-CSF crystals contain 60% solvent, and
there are six types of interfaces between interacting
pairs of molecules (Table II). Pair numbers 1
through 4 involve noncrystallographically related
molecules, with pair 1 representing the two mole-
cules in the asymmetric unit chosen here and pair 4
corresponding to the asymmetric unit chosen by
Walter and coworkers.® Pair 4 has the largest inter-
face by far, suggesting that it is the preferential in-
teraction during crystal formation. The molecules of
pair number 4 are related by an approximate two-
fold axis (177.4°) and contain numerous hydrophobic
and hydrophilic contacts. At the center of the con-
tact area are several hydrophobic residues (Trp 13,
Val 16, and Phe 119), which belong to the first sol-
vent-exposed hydrophobic patch mentioned earlier.
All of the other pairs of contacting molecules have
much smaller interfaces and are much more hydro-
philic in character.

The crystal lattice interactions provide a rationale
for the anisotropic diffraction of the crystals: con-
tacts 1, 2, 4, and 6 all contribute to the formation of
a tightly packed row of “dimers” of molecules along
the b-axis; interaction 3 butts the well-ordered
strand B2 up against a symmetry version of itself in
an antiparallel interaction to establish the spacing
along the c-axis; and interaction 5, which is small in
extent and consists of side-chain interactions involv-
ing the very mobile residues 3133, is the main de-
terminant of the spacing along the a-axis. The lack
of well-defined interactions along the a-axis may
also explain the difficulty in getting isomorphous
derivatives which have significant phasing power
beyond 4 A resolution. In this regard, the length of
the a-axis was quite sensitive to heavy atom soaks,
and varied in a 2 A (4%) range around the native
value.

Ordered Water Molecules

Using our criteria (see Methods), 92 preferred sol-
vation sites were modeled as waters. These can be
grouped into 24 pairs of sites, which are found at
equivalent positions (within 1 A) in molecules A and
B, and 44 additional sites. The waters mostly sur-
round the outside of the cytokine fold, and no or-
dered water sites are found between the helices of
the tightly packed bundle. Thus a large fraction of
the solvation properties seen can be expected to be
crystal packing-dependent. However, one deep sur-
face pocket exists which has a cluster of the three
best-defined preferred hydration sites seen in both
molecules in the asymmetric unit. The pocket is
formed by helix D, the loop connecting strand B1 to
helix B, and helix B (Fig. 4). In this cluster, the
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Fig. 4. Interactions of the key residues Arg-58 and Glu-93.
Residues Val42-Tyr62, Pro92-Glu93, and Asn109-Leu110 are
shown along the three best-defined water sites 401, 402, and 403.
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sheep APTRQPSPVT
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mouse APTRSPIIVT RP
*k k * *

human

cow

sheep

pig

dog

rat

mouse

Fig. 5. Alignment of GM-CSF sequences. The numbering and
secondary structural elements seen for rhGM-CSF are indicated
in lines 1 and 2. Residues that are buried in the human structure
are shaded. Generally, all residues with <20% solvent-accessible
surface area in one or both of the GM-CSF molecules are desig-
nated as buried. Two exceptions are Cys-121 and Lys-63; Cys-
121 has near 33% accessible surface, but as it is involved in a
disulfide with the buried Cys-88 we have designated it as buried;

majority of the contacts made with the water mole-
cules are through main-chain hydrogen bonds.
Three other very strong water sites (406, 506, and
602) make no contacts of <3.5 A with surrounding
atoms and are thus more likely to be weakly pre-
ferred sulfate or phosphate sites than highly pre-
ferred water sites.

Site-Directed Mutants of GM-CSF

To test our proposed receptor binding site,” we
have made single site-directed mutants of three sol-

Hydrogen bonds are shown by dashed lines, with the thicker lines
used for the side-chain:main-chain hydrogen bonds involving
Arg-58 or Glu-93.

60
_ bbbbbbb

Lys-63 has only 18% solvent exposed surface in one molecule,
but as its amino group is well exposed, we have designated it as
exposed. References for the sequences follow: human 04!
cow,*2 sheep,*® dog,** rat,*> mouse.*® Variants of the human se-
quence are known with Thr at position 100*” and variants of the
mouse sequences are known with Ala at position 100 and Val or
Gly at position 125.40:41

vent exposed residues on helix A and eight of the
nine solvent exposed residues on helix C (Table III).
According to the growth hormone analogy, these
residues are part of or near receptor binding site 2
(Fig. 1B). The Arg and Lys residues near the periph-
ery of the region were mutated to Ala, because of the
likelihood that the hydrophobic portions of their side
chains were involved. Gln and Glu residues and
Arg-24 were mutated to Leu to specifically probe the
importance of their hydrogen bonding groups, and
the remaining residues (Gly, Ser, Thr, Met) were
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TABLE II Crystal Packing Interactions

Pair Residues Partner residues Area Contacts
1 A: 24,27-30 B: 41,43,57,60—-61,94,98 370 (5) 4+ 7
2&2’ A: 50,124 B: 68,72 135 (2) 0+ 2
3&3’ A: 41,94-95,98,100 B: 37,39,44,98—-100 275 (4) 1+6
4&4’ A:4-7,10-13,16-20,23,49,114-120 B: 4-7,10-13,16-20,23,49,114-120 925 (13) 18 + 17
5&5' A: 31-33,104 A: 41,60,64,74 205 3) 0+7
6&6’ B: 4,24,28,30 B: 7,86-87,94 295 (4) 1+3

Contacts made by the crystallographically independent molecules A or B are noted separately. Area gives the total buried surface
area (in A2) between each pair and in parentheses the percent of the surface area of a GM-CSF monomer. Contacts are defined as
numbers of atomic approaches within 4 A, and are reported separately for hydrophobic contacts and hydrophilic contacts. For
simplicity, residue ranges are given that may include single residues that do not themselves make contact. The symmetry operations
to generate the contacting pairs are as follows: (1) x,y,z; (2) x,y—1,z; (2) x,y+1,z; (3) —1/2+x,1/2—y,—z; (38") 1/2+x,1/2—y,—z; (4)
1-x,-1/2+y,~1/2~-2z; (4') 1-x,1/2+y,~1/2—z (5) 1/2+x,1/2-y,~z; (') —-1/2+x,]1/2~y,-z (6) 1-x,1/2+y,—1/2—z; (6') 1-x,

—~1/2+y,~1/2—z.

each mutated to slightly larger residues with al-
tered hydrogen bonding capabilities, which should
cause significant binding decreases if the residues
are buried near the center of the interface. All of the
mutated side chains are exposed and as expected we
observed no properties suggesting the mutants had
folding defects. Indeed, although Pro-76 is in the re-
gion we targeted for mutation, we did not mutate it
because the requisite change in main chain struc-
ture would be expected to lead to folding or stability
problems.

The only residue with dramatic effects on activity
is Glu-21, which has already been shown by others
to be a key residue involved in binding to the B-re-
ceptor subunit.}®3% For the Glu-21—Leu mutant,
CD spectra showed the protein had folded properly
(data not shown), but crystallization of that mutant
has not yet been successful. The other two residues
in helix A (Arg-23, Arg-24) which were probed
showed about a twofold loss in activity, again con-
sistent with the results of others.'®?

Among the 8 residues in the C helix that were
probed, all mutations except that at Met-79 showed
some loss in activity, and the mutations at Gly-75
and Gln-86 showed more than a fourfold loss. These
changes in activity, although much smaller than ob-
served for Glu-21 mutant, suggest the residues are
involved in the receptor binding interface. For com-
parison, in the systematic mutagenesis of human
growth hormone,® only 14 of the 49 Xaa—Ala mu-
tants tested showed greater than fourfold decreases
in binding, and all 14 residues were involved or ad-
jacent to residues involved in the crystallographi-
cally observed interface.'> We also note that since
many residues physically involved in a binding in-
terface do not make large net contributions to bind-
ing energy,®* small energetic consequences of muta-
tion cannot be used to exclude a residue from the
interface.

Although these mutagenesis results are rather
limited, they do provide the first systematic analysis
of residues in helix C. The only other GM-CSF mu-
tants with changes in helix C were generated by

TABLE II1. Activities of rhGM-CSF Mutants

Mutation Activity (%)
Glu-21-Leu 0.01
Arg-23—Ala 56
Arg-24—Leu 46
Lys-72—Ala 83
Lys-74—Ala 46
Gly-75—8Ser 23
Thr-78—Asp 41
Met-79—Lys 100
Ser-82— Asp 43
Lys-85—Ala 61
GIn-86—Leu 14

Shanafelt and associates®” in their study of human/
murine GM-CSF specificity. They showed that a
Thr-78—Asn mutant was fully active, and a Met-
80—Thr mutant had 34% activity, while the corre-
sponding double mutant had no activity. Although
the effects of the Met-80 mutation, which is buried,
are likely due to structural disruption, the effects of
the Thr-78 mutation in the context of the Met-80
mutation suggest it is at or near the binding site
even though the mutation Thr-78—Asn alone had
no effect on activity. The importance of GIn-86 and
Ser-82 to activity indicate the receptor binding site
is further down the C helix than is indicated by
strict analogy with growth hormone (Fig. 1B), and is
in good agreement with independent mapping done
with monoclonal antibodies which implicated the
distal two-thirds of the C helix.?2
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