Steroid assay. Tissue culture supernatant from Y-1 clones was assayed for
fluorogenic steroid content as described”, using corticosterone (Sigma) as
standard.
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corrections

The optical counterpart of
the isolated neutron star
RX J185635-3754

Frederick M. Walter & Lynn D. Matthews

Nature 389, 358-360 (1997)

There was autypographical error in the declination of the éptical
counterpart given at the start of the fourth paragraph: this should be
—37°54'35.8". (I
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Imaging of radiocarbon-
labelled tracer molecules in
neuraltissueusingaccelerator
mass spectrometry

R. E. M. Hedges, Z. X. Jiang, C. Bronk Ramsey, A. Cowey,
J. D. B. Roberts & P. Somogyi

Nature 383, 823-826 (1996)

We regret that we did not refer in this Letter to two publications"”.
These authors showed that scanning SIMS (rather than SIAMS) can
be used in a similar way to image tracers, including "*C, in tissue. We
had not appreciated, from the published data, the extent to which
the performance of the instrument might be equivalent to that of
SIAMS. U
1. Slodzian, G., Diagne, B., Girard, E, Boust, F. & Hillion, F. Scanning secondary ion analytical
microscopy with parallel detection. Biology of the Cell 74, 4350 (1992).

2. Hindié, E., Coulomb, B., Beaupin, R. & Galle, P. Mapping the cellular distribution of labelled
molecules by SIMS microscopy. Biology of the Cell 74, 82—88 (1992).

Structure of the inhibitory
receptor for human natural
killer cells resembles
haematopoietic receptors

Qing R. Fan, Lidia Mosyak, Christine C. Winter,
Nicolai Wagtmann, Eric O. Long & Don C. Wiley

Nature 389, 96—100 (1997)

“The human p58 natural killer-cell inhibitory receptor clone 42
recognizes HLA-Cw4, -Cw2, -Cw5 and -Cw6, but not HLA-Cw3,
-Cwl, -Cw7 or -Cw8, which are recognized by p58 killer-cell
inhibitory receptor clone 43 (ref. 3).” U

Crystal structures of fragment
D from human fibrinogen and
its crosslinked counterpart
from fibrin

Glen Spraggon, Stephen J. Everse & Russell F. Doolittle
Nature 389, 455-462 (1997)

Arg-Pro-amide ligand as bound to the double-D fragment, the
wrong aspartate was referred to on one occasion. The sentence
should have read: “...the a-amino group being juxtaposed between
the residues Aspy364 and Aspy330, and the guanidino group of the
arginine lying between the carboxyl group of Aspy330 and the
carboxamide of GIny329 (Fig. 5a, b).” O
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The optical counterpart of
the isolated neutron star
RX J185635-3754

Frederick M. Walter & Lynn D. Matthews
Department of Physics and Astronomy, Z=3800, State University of New York,
Stony Brook, New York 11794-3800, USA

The extreme densities' of neutron stars make them an ideal system
in which to investigate the equation of state of nuclear matter;
accurate determinations of neutron star masses and radii are
crucial for this. Current observations of neutron stars in binary
systems yield masses that are generally consistent with theory®.
But measurements of radii are more difficult as they require the
detection of thermal radiation from the surface, which in general
is masked by emission from non-thermal processes in radio
pulsars® and X-ray binary systems®. Isolated radio-quiet neutron
stars® offer the best opportunity to observe the surface thermal
emission. Here we report the detection of the optical counterpart
of a candidate isolated neutron star, RX J185635—3754 (ref. 6).
Our optical flux data, combined with existing extreme ultraviolet’
and X-ray® observations, show the spectrum to be approximately
thermal. By adopting the upper bound to the distance of the
source, and assuming a plausible model for the spectral energy
distribution, we find that the radius of the object cannot exceed
14km. This result is inconsistent with a number of recent
equations of state® proposed for neutron stars.

RX J185635—3754 lies along a line of sight to the R CrA molecular
cloud, which itself is only 130 pc away’; X-ray observations indicate
that it must lie in front of the molecular cloud', as the column of
absorbing material is too small to include a molecular cloud. No
optical counterpart had been found to a limiting magnitude of
V = 24 (refs 6, 11, 12), which yields an X-ray-to-optical flux ratio
fx/fv > 7,000. Such an extreme ratio rules out most objects other
than neutron stars as possible sources’.

Figure 1 The central 400 x 400 pixels (17.5 x 17.5 arcsec) of the planetary camera
images. The optical counterpart is marked. The arrow at the lower right of the
FE06W image points north. The bright star to the lower left is star F; star J is near
the tail of the arrow. Both images are heavily stretched to bring out the faint
features. The data were reduced using the WFPC2 team reduction method, which
includes application of a high signal-to-noise superdark frame composed of dark
framestaken as near as possible in time to the data of the observations, as well as
an updated warm-pixel correction for highly time-dependent dark current by
using a delta (local) dark frame®. All images were processed by CR-SPLIT to
facilitate cosmic-ray removal. The CR-SPLIT exposures were co-added using the
VISTA PICCRS package. Final cosmic ray identification was done by blinking the
splitexposures in each filter. Residual cosmic rays were hand-cleaned only in the
vicinity of the neutron star; they are evident elsewhere in the images. The dithered
F606W frames were co-added using a simple adaptation of the Fruchter and Hook
‘drizzling’ algorithm?' written by A. M. Watson; we used 2 X 2 oversampling and a
drop size of 1 X 1 oversampled pixels. F606W and F300W magnitudes of stars
identified by Walter et al.® (letters) and Campana et al.™ (numbers) are: C, (-,19.4);
D, (-, 20.9); F, (-,19.0); 1, (18.7,21.3); J, (20.8, 23.3), L, (-, 18.9); 21, (20.9, 24.6); 23, (23.6,
23.6); 24,(20.2,22.9); 28, (21.4, >25). Stars C, D, F and L have saturated pixels in the
F606W image.
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The observations were made with the Hubble Space Telescope
(HST) Wide Field and Planetary Camera 2 (WFPC2). They consist
of a dithered pair of images through the F606W filter, totalling
4,400, and a single 2,400-s image in the F300W filter. The fully
reduced images are shown in Fig. 1.

We identify the blue object at right ascension 18 h 56 min 35.41 s,
declination —37°54’ 8" (J2000) as the optical counterpart. This
position is referred to the reference frame of the Digital Sky
Survey, by measuring the positions of stars in common between
the two images. The offset (HST — DSS) is +0.065s, —1.1". The
object lies 3.9 arcsec from the originally published X-ray position®,
but only 2.0 arcsec from the revised position'', which used a more
accurate boresight correction. The formal uncertainty on the posi-
tion is less than *+0.02 arcsec, but we estimate that there may be
uncertainties of up to 2.0 arcsec in the transformation to the DSS
reference frame. The object has a stellar point spread function in
each filter. The identification as the X-ray source counterpart is
based on the blue colour of the object.

We determined the fluxes using aperture photometry. We mea-
sured the flux within an aperture of selectable size, and the back-
ground with an aperture of 40 pixels radius, with an inner radius 3
pixels outside the source extraction radius. The background was
iteratively filtered to exclude points >3 standard deviations (s.d.)
from the mean before computing the background level. We
measured the source counts within a 9-pixel (0.41-arcsec) radius
circle, and corrected to a 1-arcsec aperture using the measured point
spread function of bright sources in the image. The flux in the
F606W filter fqs = 1.58 = 0.39 X 10 ®ergcm 25~ 'A~'; the flux
in the F300W filter fq,, = 1.63 * 0.38 X 10 ®ergem ~2s 'A~",
The main uncertainties in the fluxes are due to the Poisson noise in
the background. The target is detected with a signal-to-noise ratio
>8 in each band. On the Space Telescope (ST) magnitude system",
the foos and f300 magnitudes are 25.9 and 23.4, respectively; fsos
corresponds to a magnitude of 25.6 on the Vega magnitude system"’,
and fx/fy about 75,000. The f,,, — f colour is —2.5 on the ST
magnitude system (an infinitely hot black body has an f5, — fos
colour of —3.0 in this system).

The magnitudes are consistent with the identification as a

F300W

F606W

e .
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neutron star. The hot white dwarf Hz43 has about three times the X-
ray flux of RX J185635-3754 and a comparably blue colour
(U—-V = —1.2),butat V = 12.8, fx/fy is close to unity. A lightly
reddened hot white dwarf at V = 25.6 would lie at a distance of
about 50 kpc. The counterpart must be much smaller than a white
dwarf if it is foreground to the molecular cloud.

Little, if any, of the ultraviolet flux can be due to a red leak in the
F300W filter. The reddest star, number 21 (ref. 12), has f;0/f 06 =
0.04. We take this as the maximum possible red leak. As the neutron
star candidate is considerably bluer than all the other stars, with
f300/fees = 10, any red leak must be negligible.

If the object is a hot black body, the intrinsic f300/fs0 flux ratio is
the ratio of the fourth power of the wavelengths, and the visual
extinction A, = 0.52%%'3 mag, using the Seaton' extinction curve
with R =3.1. This is 2.30 deviant from the measured X-ray
absorption column of 1.4 0.1 X 10°cm~* (A, = 0.07 mag),
and might suggest the existence of spectral features in the optical
spectrum. We note that excess emission near 6,000 A is seen in the
spectrum of isolated pulsars'>'¢, but at much larger contrast. This
emission could be attributable either to non-thermal emission from
a magnetosphere or line emission from a surrounding nebula'’;
spectroscopic observations will be needed to characterize this
excess.

The spectral energy distribution (SED) is shown in Fig. 2. We
utilize the Rosat Position Sensitive Proportional Counter (PSPC)
and High Resolution Imager data®, the EUVE Scanner count rate’,
and the two optical points. The black-body fit to the X-ray data
underpredicts the optical flux by a factor of 2.4 = 0.5 at 3,000 A and
a factor of 3.7 0.9 at 6,060 A. This is evidence that the spectrum is
more complex than a simple black body. Models with two black-
body components, or more sophisticated models with surface
temperature variations'®, can match the fs, flux. Models involving
radiative transfer through H, He or non-magnetic Fe atmospheres'
fail to predict the optical fluxes.

The blue colour and the reasonably close agreement of the optical
fluxes with the extrapolated X-ray flux confirms that this object is
the optical counterpart of the X-ray source. The isolated nature of
the object, the approximately thermal character of its emission and
the lack of strong variability on any timescale suggest that we are
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Figure 2 The spectral energy distribution of RX J185635-3754. The Rosat PSPC
data®, the EUVE scanner flux” and the two fluxes from the HST are plotted with
error bars. The thin line is the black-body fit to the Rosat PSPC data, including the
broadening effects of the instrumental response function. The dotted line is the
unreddened 57 eV black body; the broken line is the black-body fit reddened by
A, =0.07mag (the gap between ~200 and 912A is due to absorption in the
interstellar medium). The thick solid line is a reddened model with a sinusoidal
temperature variation over the surface’™ (T e = 62 €V; Toquaor = 0). The fzo0 and
feos fluxes exceed those predicted by these simple models.
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seeing the surface emission from a nearby neutron star. This is the
only non-pulsating, single neutron star confirmed so far. As such,
this object affords a unique opportunity to study the surface of a
neutron star, and to study the interior equation of state. If the
emission from the surface is truly thermal, then one can determine
the angular diameter of the star. The radius follows from the
parallax. Not knowing the distance, we can estimate upper limits
to the radius by assuming that the neutron star is foreground to the
R CrA molecular cloud.

The kT,, = 57 eV X-ray black body® yields a radius as seen at
infinity, R,, < 8 km. The models with more complex surface tem-
perature distributions yield larger values for the radius. These
models have more free parameters, including the inclinations of
the rotation and magnetic poles to the line of sight and the
functional form of the surface temperature distribution. A full
analysis of these models is under way (P. An, J. M. Lattimer,
E M. W. and M. Prakash, manuscript in preparation). Here we
illustrate that a simple model with the magnetic and rotation axes
approximately co-aligned and in the plane of the sky (consistent
with the lack of strong modulation of the X-ray flux) can match the
observed SED. The temperature is assumed to vary as (latitude)**’
(ref. 18). The polar cap temperature is 62 eV. This model SED,
shown in Fig. 2, has R,, < 14km, for a distance <130 pc.

Although RX J185635-3754 offers the cleanest example now
known of the surface of an isolated neutron star, there are significant
unknowns. Although the upper limit to the distance is reasonably
certain, the true distance is not known. Planned observations with
the HST will permit us to measure the parallax and determine a firm
lower limit of R, > 8(D/130pc) km, where D is the distance in
parsecs. Estimates of the radius are model-dependent and hence
require a better understanding of the SED at all wavelengths.
Planned X-ray and optical observations will define the SED better,
and will indicate how much, if any, of the optical excess above a
black body can be due to non-thermal emission processes. Assum-
ing the latitudinally varying surface temperature model®, we find
R., = 14(D/130pc) km. This permits us to exclude most conven-
tional equations of state® (for mass > 0.5M) if D < 100 pc.
Similarly, for mass > 1M, we can rule out equations of state
incorporating kaon condensates® if D is less than ~75pc. We
expect that further observations of RX J185635-3754 will yield
important insights into the nature of the surfaces and the interior
equation of state of neutron stars. O
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A general boundary condition
for liquid flow at solid surfaces

Peter A. Thompson* & Sandra M. Troiant

* The Celerity Group, 20 Nassau Street, Suite 209, Princeton, New Jersey 08542,
USA
+ Department of Chemical Engineering, Princeton University, Princeton,
New Jersey 08544, USA
Modelling fluid flows past a surface is a general problem in science
and engineering, and requires some assumption about the nature
of the fluid motion (the boundary condition) at the solid interface.
One of the simplest boundary conditions is the no-slip
condition?, which dictates that a liquid element adjacent to the
surface assumes the velocity of the surface. Although this con-
dition has been remarkably successful in reproducing the char-
acteristics of many types of flow, there exist situations in which it
leads to singular or unrealistic behaviour—for example, the
spreading of a liquid on a solid substrate’™®, corner flow”'"’ and
the extrusion of polymer melts from a capillary tube''""’. Numer-
ous boundary conditions that allow for finite slip at the solid
interface have been used to rectify these difficulties*>'"'>'. But
these phenomenological models fail to provide a universal picture
of the momentum transport that occurs at liquid/solid interfaces.
Here we present results from molecular dynamics simulations of
newtonian liquids under shear which indicate that there exists a
general nonlinear relationship between the amount of slip and the
local shear rate at a solid surface. The boundary condition is
controlled by the extent to which the liquid ‘feels’ corrugations in
the surface energy of the solid (owing in the present case to the
atomic close-packing). Our generalized boundary condition
allows us to relate the degree of slip to the underlying static
properties and dynamic interactions of the walls and the fluid.
During the past decade molecular dynamics simulations have
emerged as a powerful tool for probing the microscopic behaviour
of liquids at interfaces (ref. 15, and references therein). Studies have
demonstrated how solids induce order in adjacent liquids and how
this order, in turn, controls the amount of momentum transfer'.
The no-slip condition has been shown to be just one of many
allowable flow boundary conditions ranging from pure slip to
multi-layer locking. The degree of slip at the boundary depends
on a number of interfacial parameters including the strength of the
liquid—solid coupling, the thermal roughness of the interface, and
the commensurability of wall and liquid densities'’. These findings
have led to a new understanding of stick-slip phenomena in
boundary lubrication'” and have revealed the sensitivity of liquid
spreading to microstructure at the liquid/solid interface™®. Earlier
work'® investigated flows in a regime for which the degree of slip was
independent of local shear rate . This regime is described by the
well-known linear Navier boundary condition' in which AV = L.,
where AV is the velocity difference between the solid and adjacent
liquid, and L is a constant slip length. Here we examine the
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Figure 1 Steady-state flow profiles and schematic of the Couette flow geometry.
The Couette cell measured 12.51¢ X 7.220 X h where h varied from 16.71¢ to
24.570. The number of fluid molecules ranged from 1,152 to 1,728, respectively. The
X-direction of the cell is aligned along the [112] orientation of the face-centred
cubic lattice comprising the wall, and periodic boundary conditions are imposed
along X and §. The flow profiles were obtained for systems with U = 1.007 ",
h = 24.570, and walls characterized by the indicated density and Lennard-Jones
parameters. Values for ¢, ¢ and p" (see text) are in units of ¢, o and p,
respectively. Following an equilibration period of ~1007, the profiles were com-
puted by averaging the instantaneous particle velocities within bins of width ~1¢
spanning the distance between the two walls. The duration of the averaging
varied from 2507 to 7,0007 depending on the signal-to-noise ratio. Accurate
resolution of flows with y < 0.017~ " typically required >2,5007 of averaging. The
dashed line indicates Couette flow with a no-slip boundary condition.
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Figure 2 Variation of the slip length L (panel a) and viscosity u (panel b) as a
function of shear rate for systems with the indicated interfacial properties. L s was
computed from the definition Ly = AV, /4, which for Couette flow reduces to
(Uly —h)2: w was computed from the relation u =P, /y, where P, is the zx-
component of the microscopic stress tensor averaged across the cell™.
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Abnormal cells deficient in class I major histocompatibility
complex (MHC) expression are lysed by a class of lymphocytes
called natural killer (NK) cells'. This lysis provides a defence
against pathogens and tumour cells that downregulate MHC
expression to avoid an MHC-restricted, T-cell immune response.
Normal cells escape lysis because their MHC molecules are
recognized by NK-cell inhibitory receptors, which inhibit lysis®.
Several such inhibitory receptor families have been described in
humans and mice (reviewed in ref. 2). In the human killer-cell
inhibitory receptor family, individual p58 members are specific
for a subset of class I human leukocyte antigen (HLA)-C mol-
ecules. The human p58 natural killer-cell inhibitory receptor clone
42 recognizes HLA-Cw4, -Cw2 and -Cwé6, but not HLA-Cw3,
-Cw2, -Cw7 or -Cw8, which are recognized by p58 killer-cell
inhibitor receptor clone 43 (ref. 3). We have determined the X-
ray structure of the p58 NK-cell inhibitory receptor clone 42 at
1.7-A resolution. The structure has tandem immunoglobulin-like
domains positioned at an acute, 60-degree angle. Loops on the
outside of the elbow between the domains form a binding site
projected away from the NK-cell surface. The topology of the
domains and their arrangement relative to each other reveal a

relationship to the haematopoietic receptor family, with implica-
tions for the signalling mechanism in NK cells.

The soluble ectodomain of the p58 natural killer-cell inhibitory
receptor (KIR) that we crystallized was expressed in bacteria and
refolded in vitro®. It specifically blocks the binding of a KIR-
immunoglobulin fusion protein to cells expressing HLA-Cw4, but
has no effect on the binding of a KIR—-immunoglobulin fusion
protein specific for HLA-CW3 to cells expressing HLA-CW?3 (ref. 4).
The entire KIR ectodomain, residues 1-224, and a shorter form,
residues 1-200, without the stem domain of 24 residues, were both
shown by a gel-shift assay to bind to soluble, recombinant HLA-
Cw4 (ref. 4). As predicted from sequence similarity’, the overall fold
of each KIR domain resembles immunoglobulin-like domains
containing two antiparallel B-sheets® (Fig. 1a, b). Topologically,
the p58 KIR structure has tandem fibronectin type III-like domains,
which are structurally similar to immunoglobulin domains. The
two domains are equal in size (domain D1, residues 6—101; domain
D2, residues 105—200), and are connected by a three-residue linker
(residues 102—104) (Fig. 1b).

The topology of the D1 immunoglobulin-like domain is of the h-
type®, similar to that of the D1 domains of the human growth
hormone receptor (hGHR)’, human prolactin receptor (hPLR)’,
and the erythropoietin receptor (EPOR)®. The D2 domain has the
closely related s-type topology® found in the D2 domains of hGHR,
hPLR and EPOR®*", and both domains of class II receptors of the
haematopoietic superfamily, including the a-chain of the inter-
feron-y receptor (IFN-yRa)'", and tissue factor'>"”. The s-type
topology has also been found in other two-domain structures,
including the co-receptor CD4 (refs 14, 15), the cell-adhesion
molecule CD2 (ref. 16) and neuroglian'’. However, in both CD2
and CD4, the s-type domain is paired in tandem with a variable-
type immunoglobulin domain and the two domains assume a linear
conformation, lacking the elbow region found in all of the haema-
topoietic receptors and KIR. Although some members of the
haematopoietic receptor superfamily contain additional domains,
ligand binding is mediated through the h- or s-type domains’. The
s-type topology of D2 has a 3-sheet of three strands, A, B and E (Fig.
la, b, dark orange) packed against a -sheet of four strands, C’, C, F
and G (Fig. la, b, light orange). In h-type topology of the D1
domain, the C’ strand is elongated, pairing first with the C strand of
the C'CFG B-sheet and at its far end (where it is renamed D) pairing
with the E strand of the ABE(D) B-sheet (Fig. 1a, b). The switch
from one B-sheet to the other occurs at a kink in strand C'/D at
Gly 53. When superimposed, the D1 and D2 domains, which have
40% sequence identity, are strikingly similar in structure with a
root-mean-square (r.m.s.) deviation of 0.9 A for 85 Ca pairs.

Table 1 Statistics for data collection and refinement

Data collection

Data set Wavelength (A) Scattering factors (e) Resolution Unique Average Completeness Rsym
(A) reflections 1/a(l) (%) (%)t
£ I
MAD 0.9639 (remote) -3.49 3.72 10.0-2.2 11,480 18.9 98.7 (99.1) 7.3 (11.7)
0.9791 (peak -7.89 4.72 10.0-2.2 11,449 18.6 98.6 (99.1) 72 (11.6)
0.9794 (edge) -9.86 3.05 10.0-2.2 11,495 18.8 98.8(99.1) 70(1.3)
native 0.918 16.0-1.7 25,065 171 99.5 (97.8) 7.3 (23.4)
Refinement (6-1.7 A)
R.m.s. deviations
Reryst (Riree)t (%) Reflections (free) Non-hydrogen protein solvent molecules Bonds (A) Angles (°) B-factors (AZ)
atoms
20.5(25.5) 24,473 (2,427) 1,513 21 0.010 1.83 2.85

Values in parentheses correspond to the last resolution shell; 2.28-2.20 A for MAD data sets, or 1.76-1.70 A for native data set.

*The values of f' and 7" for Ayeax aNd Aeage Were derived from the experimental values of the absorption spectrum; values for Aemote Were calculated form theoretical cross-sections®.
TRym =L |/, - (/)(/):/,, where /; is the intensity of an individual reflection, and (/) is the average intensity of that reflection. Bijvoet mates were considered as separate reflections.

FRoys =L ‘ (Fp ‘ - |FC ) (/E ‘Fp\ , Where F is the calculated structure factor. Ry iS equivalent to Ry, but calculated for a randomly chosen 10% of reflections that were omitted from the

refinement process.
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KIR domains define a new topological subtype®, which we call
Kh- and Ks-type, in which the carboxy-terminal half of strand A,
named A’, pairs with strand G to form a five-stranded sheet
C'CFGA’ (Fig. la, b, light orange) by switching at cis prolines
(residues 14 and 114) from one B-sheet to another, as found in
variable domains of antibody light chains, CD8 and T-cell antigen
receptors.

A signature sequence motif of class I haematopoietic receptors,
the WSXWS box'®, is also present in p58 KIR. The p58 clone 42 KIR
(p58-cl42) contains at residues 188—192 a variant of the WSXWS
sequence motif (WSKSS) in D2, in the same location as found in the
haematopoietic receptor family (Fig. la, b). Like the motif in the
other structures, the WSKSS sequence in KIR assumes a polyproline
type II conformation, resulting in a wide B-bulge®* ' in which the
hydroxyl groups of the two conserved serine residues (underlined)
form hydrogen bonds to the adjacent F-strand backbone, replacing
the usual backbone-to-backbone hydrogen bonds between strands
in a B-sheet. A surface cluster of aromatic and charged side chains
near the motif present in several haematopoietic receptors®™° is
absent in KIR. KIR differs from members of the haematopoietic
receptor superfamily in that a variant of the motif also occurs in D1
(Fig. 1a, b). The sequence VSAPS, residues 90—94, forms the same
type of B-bulge at the homologous position. Variants of both the V
SAPS and WSKSS sequences are found in the sequences of all KIR
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immunoglobulin-like domains, with the two structurally important
serines completely conserved.

Helical linkers of at least four residues in length have been
found linking the D1 and D2 domains in five members of the
haematopoietic receptor family: hGHR, hPLR, EPOR, IFN-yRa
and tissue factor®™". The D1 and D2 domains of the KIR are more
tightly connected by a three-residue linker (residues 102-104)
with a helical conformation (¢ = —95.7deg, y = — 18.4deg) at
Leu 104.

Most of the side chains in the D1-D2 interface are conserved in
all KIR sequences, and the few differences there are appear con-
sistent with the observed packing, suggesting that the V shape will
be a feature of all p58 and p70 KIRs. Extensive hydrogen bonding
between strands of both domains and the large buried solvent-
accessible surface area, 1,076 1:&2 (calculated using the program
SURFACE"; probe radius 1.4 A), suggest that the elbow angle is
fixed. The D1-D2 interface includes a three-stranded parallel B-
sheet formed by the two strands A’ and G from the D1 domain and a
short segment of strand G in the D2 domain (Fig. 1a, b). D1-D2
contacts occur not only at the tip of the V (Fig. 2a, black) but also
across the gap between the arms of the V (Fig. 2a, red). Most of the
polar interactions found at the interface involve main-chain atoms,
and are therefore independent of sequence variation.

Site-directed mutations indicate strongly that the binding site on

Figure 1 Structure and topology of p58-cl42 KIR. a, KIR
domain D1 is N-terminal, and D2 is C-terminal; ABED B-
sheet (dark orange) and C'CFGA’B-sheet (light orange);
WSKSS and VSAPS motifs (red); potential glycosylation
sites at asparagines 46, 63, 123 and 157 (black). b,
Topological diagram showing the h-type immunoglobu-
lin-like fold of D1 and the s-type fold of D2. The B-sheet at
the D1-D2 interface (strands A’ and G in D1 and a
fragment of strand G in D2) is shown below D1. Loops
L1-L6 are implicated in ligand binding by the haemato-
poietic receptors, hGHR, hPLR and EPOR. Cysteines 28,
79,128 and 177 are indicated by black bars.
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p58-cl42 for its HLA ligand includes Met 44 (ref. 20) on the C-C’
loop that projects from the elbow between D1 and D2 (Fig. 2b, red
star; Fig. 1b, L2). Exchanging Met 44 in p58-cl42 with lysine, found
at that position in p58-cl43, switched the specificity of p58-cl42
from HLA-Cw4 to HLA-Cw3, and vice versa®. Of the six ligand-
binding loops of class I haematopoietic receptors (L1-L6 in Fig.
1b), sequence variation among KIRs (Fig. 2b) implicates at least
three in ligand binding (L2, L3 and L6 in Fig. 1b). Loops at the elbow
between domains contact ligand in the 1:1 complex of human
prolactin receptor (hPLR) (Fig. 3¢, green) with growth hormone
(hGH) (orange).

In contrast to the ‘elbow angles’ found in the haematopoietic
receptors, which are 90 deg for hGHR, EPOR and hPLR and 120 deg
for IFN-yRa and tissue factor, the interdomain angle in KIR is
60 deg (compare Fig. 3a, b). The KIRs may thus define a new
structural class of receptors, related to the haematopoietic receptor
family that binds soluble ligands, but adapted, through the acute
interdomain angle, to bind to membrane-bound ligands during
cell—cell interactions that result in signalling.

The KIR binding site on class I MHC molecules has been mapped
to the al domain (reviewed in ref. 2). Residues in the region of the
C-terminal end of the a1-domain « helix, and on the loop following
it in the sequence (Fig. 3e, red), have been identified as part of the
site on HLA-C and HLA-B molecules recognized by p58 and p70
KIRs. The inhibitory signal delivered by KIR after binding an MHC
molecule is initiated by the phosphorylation of its cytoplasmic
ITIM motif which, in turn, binds to the Src-homology 2 (SH2)

COOH
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domains of the tyrosine phosphatase SHP-1, thereby both recruiting
it to the membrane and revealing its phosphatase activity’"*’. This
mechanism requires the recruitment of a protein tyrosine kinase to
phosphorylate the KIR ITIM following KIR-MHC binding.

By analogy to the haematopoietic receptors, KIR signalling
following ligand binding might be expected to involve either
dimerization of KIR or binding to another polypeptide chain”?.
Formation of a homodimer would be expected to bring the
cytoplasmic domains of KIR into close proximity, which may
facilitate phosphorylation of the ITIM motif by a cytoplasmic
kinase, as in the case of the hGHR and EPOR?¥. Alternatively,
formation of a heterodimer of KIR with another polypeptide that
contains an associated kinase (covalently or non-covalently linked)
could lead directly to phosphorylation of the KIR ITIM, as in the
case of the interleukin (IL)-3/granulocyte macrophage colony-
stimulating factor/IL-5 and IL-6 receptors™. It is possible that
after binding an MHC molecule, a p58 KIR may heterodimerize
with a p50 form of the KIR family, which, because of their potential
to deliver positive signals*, might be able to recruit a tyrosine kinase
to the ITIM of an HLA-bound p58-KIR.

By analogy to hGHR and EPOR (Fig. 3d), dimerization of KIR
might be expected to involve pairing of D2 domains (shown
schematically in Fig. 3e). Disulphide-linked dimers have been
observed in one group of p70 KIR* that are probably linked through
a cysteine corresponding to position 220 in the p58 KIR stem
segment following D2, which favours dimerization through D2. The
existence of preformed p70 KIR dimer before ligand binding

Figure 2 The interdomain interface defines a 60-deg angle and the interdomain
elbow is a ligand-binding site. a, Non-polar contacts at the tip of the V-shaped
molecule (black, V100, 1102, L17, P178, W188, A74, 1101, 1104 and aliphatic parts of
S20, Q71, E187, K190) and across the arms of the V (red). Of the 11 interdomain
hydrogen bonds, 8 include B-sheet main-chain atoms (not shown); 3 use some
side-chain atoms (P96-H146, Y186-T76, E187-N71; dotted lines). b, Exchanging
residue 44 (red star) changes the specificity from HLA-Cw4 to HLA-Cw3. Red dots
(71, 72,183) mark positions that are conserved within subsets of KIR recognizing
HLA-A, -B or -C, but are different in each KIR subset. Blue dots mark variation
between KIR recognizing HLA-Cw4 and HLA-Cwa3. Positions with orange dots
differ in at least one KIR sequence.
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indicates that the signalling mechanism, at least of that KIR, may
involve molecules other than a putative receptor dimer. The stem
region of KIR may contribute to HLA binding (Q.R.E. et al,
unpublished data). The full ectodomain of p58-cl42 KIR (residues
1-224) completely blocked the binding of the shorter form (resi-
dues 1-200 lacking the stem segment) to soluble HLA-Cw4 on
band-shift assays (data not shown). Furthermore, binding of the
shorter form to HLA-Cw4 was reversed upon addition of the longer
form, suggesting a higher dissociation constant for the complex
between HLA-Cw4 and the shorter form. The more favourable
binding observed between HLA-Cw4 and the KIR that includes the
stem (residues 220—224) suggests a role for the C-terminal stem in
ligand binding, possibly by stabilizing dimerization (Fig. 3e),
considering the distance between the C terminus and the ligand-
binding site (Fig. 2b).

The second receptor polypeptide chain that we postulate may
bind in either a homodimer or heterodimer to a KIR-MHC
complex (Fig. 3e) is expected, by analogy to the haematopoietic
receptors: to have a much lower affinity for HLA, and bind only after
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the first KIR has bound; to bind to a second, as-yet undiscovered,
site on MHC molecules; and to interact with the first KIR poly-
peptide at some as-yet undiscovered site, probably in the D2
domain. In the haematopoietic receptors, the affinity of the
second receptor chain to the single-receptor/ligand complex is
500- to 1,000-fold weaker than the first, making detection and
characterization of the second binding sites difficult’. This may
account for the current lack of evidence for KIR dimerization by
MHC molecules. O
Methods

Incorporation of Se-Met. The selenomethionyl (Se-Met) p58-cl42 KIR
(residues 1-200) was expressed in Escherichia coli as inclusion bodies, refolded
by dilution, and purified following the same procedure as native p58-cl42 (ref.
4). The incorporation of Se-Met was achieved by growing the cells in minimal
medium (M9) supplemented with 2 mM MgSOy, 0.1 mM CaCl,, 0.2% glucose,
0.00005% thiamine, and 40 mg 1™ each of all L-amino acids except Cys and Met,
and inducing the cells in the presence of 120mgl™" of Se-Met along with
100 mgI™" each of Thr, Lys and Phe, and 50 mgI™" each of Leu, Ile and Val. All

Figure 3 Comparison of the KIR and haematopoietic receptor family structures. a,
KIR monomer (red), 60° interdomain angle. b, hGHR monomer (blue), 90°
interdomain angle. ¢, 1: 1 complex of hPLR (green) and hGH (orange), showing
ligand binding at the interdomain elbow™. d, 2:1 complex (hGHR, blue; hGH,
orange) showing dimerization of hGHR in D2 and both hGHR elbows contacting
the ligand®. The hGHR on the left binds to the high-affinity binding site of h\GH. e,
Schematic representation of a hypothetical model of a 2:1 p58 KIR/HLA-C
complex. KIR molecules are shown as boxes marked D1 and D2 that dimerize
through D2 domains. KIR sites on the HLA, red dots (see text). Although one HLA
molecule is shown, a 2:2 complex is also a possibility. NK cell, bottom; target cell,
top.

e
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Figure 4 Electron-density maps showing the refined model in the region of the
WSKSS sequence. a, A 2.2-Aresolution Fourier map calculated with MAD phases
improved by density modification. b, A 1.7-A resolution simulated-annealing-omit
map calculated with the 2F,, — F.,, amplitudes and model phases. Both maps
are contoured at 1.2 o level.
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five Met were substituted with Se-Met as determined by mass spectrometry.
Crystallization. Crystals of p58-cl42 were grown from 0.55M (NH,),HPO,,
50mM sodium citrate, pH 5.4, final pH 7.7. Hexagonal rods
(0.1 X 0.1 X 1.5mm’; space group P6; a=b= 9244 c=4684; 1
molecule per asymmetric unit) grow two weeks after seeding. Se-met p58
crystallized under the same condition using the native crystals as seeds; the
difference in cell dimensions was less than 0.5%. After the crystals were
stabilized for at least 10h in a harvesting solution (1.5M (NH,),HPO,,
50 mM sodium citrate, pH 5.4, final pH 7.7), they were soaked for 2—5 min
in a cryo-protecting solution (1.5 M (NH,),HPO,, 50 mM Na citrate, pH 5.4,
25% glycerol, final pH 7.7), and flash-cooled with liquid nitrogen.

Data collection. Multiwavelength anomalous dispersion (MAD)* data were
collected to 2.2 A with a 300-mm diameter MAR Research image-plate system
at the X25 beamline of the National Synchrotron Light Source, Brookhaven
National Laboratory. A high-resolution native data set was collected to 1.7 A on
the Princeton 2K CCD detector at F-1 beamline of the Cornell High Energy
Synchrotron Source (CHESS). Data were processed (Table 1) using DENZO
and SCALEPACK (HKL Research). Most of the subsequent processing used the
CCP4 programs'.

MAD phasing. MAD phasing was treated as a case of multiple isomorphous
replacement”. Four selenium sites were identified from anomalous and
dispersive difference Pattersons and were checked by difference Fouriers. The
N-terminal methionine was disordered. Refinement of anomalous scatterer
parameters and phase calculation were performed with MLPHARE®. Because
of discrepancies between phasing statistics generated by MLPHARE and other
programs”, electron-density maps before and after model refinement are
displayed instead of experimental phasing statistics (Fig. 4). The initial MAD
map was improved by density modification using DM, assuming 40% solvent
content. The correct space-group enantiomer P6, was identified by the
presence of clear solvent boundary in the 2.2-A electron-density maps.
Model refinement. The experimental MAD phases were used with the native
data set to calculate the electron density for the native structure. Both density-
modified and unmodified electron-density maps were used to build an 85%
complete model with O (DATAONO AB). For refinement, data with |F0b5| >0
were included. The model was initially refined at 10-2.2 A using positional
refinement and simulated annealing protocols in X-PLOR?. Several cycles of
manual refitting and subsequent inclusion of lower-resolution data to 16 A
combined with bulk solvent correction allowed the missing loop regions to be
traced. The resolution was then extended in one step to 1.7 A. Refinement at
this stage involved simulated annealing followed by B-factor refinement, with
the extensive use of simulated annealing omit maps (Fig. 4b). The final model
refined in X-PLOR contained residues 6200 and 211 water molecules. This
model was refined with REFMAC" (Table 1). The maximum-likelihood
method in REFMAC lowered the R-values in the highest resolution shell
(from 38.4 to 33.7% for Rge at 1.76=1.7A). All ¢ and ¥ angles lie in the
allowed regions of the Ramachandran plot, with 92% in the most favourable
regions. Side-chain densities are well defined for all residues except 151-153 in
a loop, which have B-factors >70 A%,

Figure preparation. Figures la, 2 and 3 were prepared using the program
RIBBONS™.
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Neurotactin, a membrane-
anchored chemokine
upregulated in brain
inflammation

Yang Pan, Clare Lloyd, Hong Zhou, Sylvia Dolich,
Jim Deeds, Jose-Angel Gonzalo, Jim Vath,

Mike Gosselin, Jingya Ma, Barry Dussault,
Elizabeth Woolf, Geoff Alperin, Janice Culpepper,
Jose Carlos Gutierrez-Ramos & David Gearing

Nature 387, 611-617 (1997)

that of fractalkine, a CX;C membrane-bound chemokine reported
in a Letter by J. F. Bazan et al. in Nature 385, 640—644 (1997),
published while the paper by Pan et al. was under consideration. A
note to this effect in the paper by Pan et al. was inadvertently
omitted by Nature. O
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Crystal structures of fragment D
from human fibrinogen and its
crosslinked counterpart from fibrin

Glen Spraggon*, Stephen J. Everse* & Russell F. Doolittle

Center for Molecular Genetics, University of California, San Diego, La Jolla, California 92093-0634, USA

* These authors contributed equally to this work.

In blood coagulation, units of the protein fibrinogen pack together to form a fibrin clot, but a crystal structure for
fibrinogen is needed to understand how this is achieved. The structure of a core fragment (fragment D) from human
fibrinogen has now been determined to 2.9 A resolution. The 86K three-chained structure consists of a coiled-coil
region and two homologous globular entities oriented at approximately 130 degrees to each other. Additionally, the
covalently bound dimer of fragment D, known as ‘double-D’, was isolated from human fibrin, crystallized in the
presence of a Gly-Pro-Arg-Pro-amide peptide ligand, which simulates the donor polymerization site, and its structure
solved by molecular replacement with the model of fragment D.

Fibrinogen units pack together to form a fibrin clot', but without a
crystal structure it is difficult to understand how this is achieved.
Fibrinogen is readily purified from blood plasma, but it is fragile,
and efforts to crystallize the native molecule have so far been
unsuccessful. But electron microscopy long ago revealed that
fibrinogen has a trinodular structure®, the distal globular entities
of which were thought to be joined to a central domain by ‘coiled
coils”. Biochemical characterization showed the molecule to be a
covalent dimer composed of six polypeptide chains (a;3,y,) linked
by an extensive network of disulphide bonds, and enormous effort
had to be expended to understand how the six chains were
accommodated by the triglobular structure. It turns out that each
of the two terminal globular domains contains the three non-
identical chains (af7), and that these are tethered together in the
smaller central domain, which contains all six amino termini. The
three-stranded connectors can be broken by proteases such as
plasmin, generating two principal core fragments: a small fragment
corresponding to the central domain (fragment E), and a set of
larger fragments corresponding to terminal portions (fragments D).
The two D fragments together account for half the mass of the native
molecule. In contrast, fragment E, which is mostly composed of the
two three-stranded connectors joined near their N termini,
amounts to only 15% of the starting molecule. The remaining
third of the protein is accounted for by the free-standing C-terminal
two-thirds of the a-chains, which are readily removed by most
proteases.

It has been presumed that both fragments D and E contain
substantial portions of the severed ‘coiled coil), the boundaries of
which have been thought to be ‘disulphide rings™. Thus the three
non-identical chains in each half of a fibrinogen molecule are
interconnected by two sets of ‘disulphide rings, which are distin-
guished by homologous braces of cysteines separated in each case by
three residues.

Numerous biochemical and biophysical studies have been con-
ducted on fragments derived from both fibrinogen and fibrin in an
effort to understand the formation of fibrin clots and fibrinolysis.
Briefly, clotting occurs when thrombin removes fibrinopeptides
from the centrally located a-chain N termini, thereby exposing new
N-terminal sequences known as ‘knobs’ (in the fragment E region).
These spontaneously interact with ‘holes” on the distal domains of
other fibrinogen molecules (in the fragment D regions). Because the
molecule is a dimer, oligomerization can proceed in either direc-
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tion, the result being a two-molecule thick protofibril with a half-
molecule staggered overlap. Peptides fashioned on the ‘knob’
sequences bind to fibrinogen, as well as to fragment D, and can
effectively prevent polymerization®. It is because fragment D con-
tains the ‘hole’” half of the knob—hole interaction that it is physio-
logically active as an inhibitor of fibrin formation.

Concomitantly, the polymerizing fibrin oligomers are reinforced
by the thrombin-activated translutaminase known as factor XIII,
which introduces y-glutamyl-e-amino-lysine isopeptide crosslinks
between the carboxyl-segments of abutting vy-chains®. The proto-
fibrils subsequently associate laterally to form first fibrils and then
mature fibres, additional crosslinks slowly being added between the
carboxyl regions of a small fraction of a-chains. When fibrin formed
under crosslinking conditions is proteolysed, the core fragments
released are E and crosslinked D (‘double-D’ or ‘D-dimer’)’, as well
as the unstable complex known as ‘D,E*.

Although a detailed atomic structure of fibrinogen has not yet
been determined, combined electron microscopy and X-ray diffrac-
tion efforts have yielded an 18-A structure for a protease-modified
molecule’, and recently a high-resolution X-ray structure has been
reported for one of the two domains of M, 30K that constitute the
terminal globules'’. We now report an X-ray structure at 2.9 A for

o |V c C R| (87 residues)
1M1 161 166 197
CH, O
| |
B P cccCc _C c__C C_C Q](328 residues)
134 193l197 201 211 240 286 394 407 461
[K C C C C C C K] (319 residues)
88 735 139 153 182 326 339 406

Figure 1 Schematic representation of the three polypeptide chains that compose
human fibrinogen fragment D. The 16 cysteine residues are involved in three
interchain and five intrachain disulphide bonds™. Residue numbering corre-
sponds to native human fibrinogen, in which the a-chain runs from Alaal to
Vala610, the B-chain from PCAB 1 to GInB461, and the y-chain from Tyry1to Valy411.
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the 86K entity known as fragment D. It is composed of three
disulphide-linked polypeptide chains (a’B’y’) and contains 734
amino-acid residues, the ', B’ and vy’ chains having 87, 328 and 319
residues, respectively (Fig. 1).

We have also isolated the factor XIII-crosslinked counterpart,
double-D, from a carefully controlled proteolytic digest of human
fibrin, and solved its structure by molecular replacement with the
model of fragment D. Moreover, the double-D was co-crystallized
with the ligand Gly-Pro-Arg-Pro-amide, which mimics the knobs’
contributed by the fragment E portion of the knob-hole
interaction’. As a result, the structure allows us to determine the
three main events that occur during the initial stages of fibrin
formation: the Gly-Pro-Arg knob—hole interaction; the D—D ‘self-
association’; and the whereabouts of the y—y crosslinks. Finally,
given the locations of the surrogate ‘knobs’ and a general knowledge
of the extent of the coiled coils and the dimensions of fragment E, we
were able to construct a model of the fundamental fibrin monomer
and the oligomeric protofibril.

Structure determination

The structure of fragment D was solved by the use of multiple
isomorphous replacement and anomalous scattering (MIRAS)
techniques, using gold, mercury and uranium derivatives. The
initial MIRAS phases were improved by solvent flattening, after
which tubes of electron density corresponding to the expected
coiled coils could be discerned in a 6-A map; a clear delineation
of the entire monomer envelope by inspection was not possible,
however. The matter was resolved by an envelope-skeletonization
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procedure (G.S., in preparation), which provided a preliminary
mask that was subsequently used as a search model with the self-
rotation angles to determine accurate non-crystallographic sym-
metry (n.c.s.) matrices for the structure. The initial mask was
improved by correlation mapping, after which averaging was
performed on the maps themselves, followed by limited phase
extension to 3.5 A. This strategy resulted in a considerably improved
map that allowed almost an entire chain trace of the molecule to be
made. After the initial trace was made, the quality of maps was
improved by cross-averaging the native fragment-D map with that
from a non-isomorphous crystal of fragment D and maps from
double-D (below). During the model-building phase, we took
advantage of the homologous nature of the B and <y globular
domains, the better density in one or the other of these serving as
a guide.

The structure was refined using a combination of positional,
simulated annealing, and thermal parameter refinement, beginning
from a crystallographic R-value of 52.1% at 2.9-A resolution. This
was followed by alternating cycles of manual refitting to SigmaA-
weighted and cross-averaged maps. The model refinement was
monitored closely by determining the free R-factor, and all weights
were set on this basis. The model was refined with n.c.s. constraints
throughout. In the latter stages of refinement, an anisotropy and
bulk solvent correction were included. In the end, a model with
good statistics at 2.9 A emerged (Table 1); the conventional R-factor
was 26.3% and the free R-factor 36.3%, with good stereochemistry
as shown by Ramachandran plots. Only two residues involved in
disulphide bonds fell into disallowed regions (Cys 3407, Cys y339).
In total, 707 of the chemically expected 734 residues were posi-
tioned; the 27 absences were all situated at the termini: 3134147,
a196-197, B461 and y397-406. In the final stages of building and
refinement, the electron density improved to the point where the
single calcium atom'' could be added to the y-chain globular
domain, as was a nominal sugar residue in the case of the B-chain'>.

The structure of the factor XIII-crosslinked double-D was deter-
mined by molecular replacement using an unrefined chain trace of
native D as a model; all data in the resolution range 8—4 A were used.
The rotation search generated two peaks approximately 180 deg
apart, both of which were subjected to two-dimensional translation
searching. The correlation coefficients for the two solutions were
22.8% (4.80 above the mean) and 24.9% (7.50 above the mean),
respectively; the corresponding R-factors were 52.9% and 52.4%.
When one solution was fixed and the other searched for in the y-
direction for the four origins of the P2, asymmetric unit, the
correlation coefficient rose to 38.7% (the next highest solution
was 26.3%) and the R-factor dropped to 48.4%. The electron
density of the Gly-Pro-Arg-Pro-amide ligands was clearly evident
ina Z(FO — |F.| map.

The double-D structure was refined beginning from a crystal-
lographic R-factor of 50.9% on all data between 8.0 and 2.9 A
resolution. This was followed by alternating cycles of manual
refitting to 2 |F, F.| maps and refinement of atomic positions

Figure 2 a, Ribbon representation of fragment D, showing the
region of coiled coils and the globular g and y domains. Colour
scheme: blue, a-chain; green, B-chain; red, y-chain; yellow,
disulphide bonds. N and C denote amino and carboxy termini,
respectively; Ca, calcium-binding site; CH,O, carbohydrate cluster
at Asnp364; ‘hole’ denotes potential binding cavity. b, Stereo view
of a-carbon trace of fragment D. Markers on chains are shown at
50-residue intervals.
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and B-factors. The final conventional R-factor was 24.1% and the
free R-factor was 31.8% with good stereochemistry (Table 1).
Refinement was monitored closely by the free R-factor, and all
weights were determined on this basis. Initially, the model was
refined with the use of n.c.s. constraints. In later stages of
refinement, a restrained regime was adopted, warranted by a
significant drop in the free R-factor upon application of weights
of 100 kcal mol™" imposed on all atoms related by n.c.s. In the very
last stages, an anisotropic B-factor and bulk solvent correction were
applied, and all data from 30 to 2.9 A were included.

General description of fragment D structure

The overall architecture of the 130-A long fragment is plough-
shaped, beginning with the three-stranded coiled-coil region and a
double-back fourth helical segment of a-chain, and continuing on
to two prominent globular regions corresponding to the carboxyl
halves of the 3- and y-chains, respectively (Fig. 2). The two domains
are orientated relative to each other at about 130 deg. The B domain
is folded back close to the coiled coil; the y domain extends onwards
to a distal position.

The remnant coiled coil in fragment D consists of residues
Valal11 to Seral60 (50 residues), AspB134 to Tyr192 (59 resi-
dues), and Lysy88 to Glny134 (47 residues). The N-terminal 14
residues of the B-chain, which are mostly unmatched in the other
chains (Fig. 1), are disordered and do not appear in the model. The
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packing of the three chains in the coiled coil is canonical, with most
of the non-polar side chains directed inward. The clockwise
arrangement of the three chains in fragment D, as seen from the
N termini, is a—y—P3.

The fourth helix in the bundle corresponds to residues Sera 166 to
Proa195. It nestles in the groove between the a- and 3-chains on the
face of the coiled coil opposite to the y-chain with its non-polar side
chains directed inward. The situation is reminiscent of the influenza
haemagglutinin HA, structure, which also has a hairpin helix
associated with a coiled coil”.

The disulphide connections linking the three chains are different
from what was expected. Previous chemical determinations'* had
established that Cysp193 is linked to Cysa165, but the other two
disulphides could not be assigned at that time. It was predicted on
symmetry grounds, however, that they would connect Cysa161 to
Cysy139 and Cysyl35 to Cys197. Instead, the X-ray structure
reveals that, whereas Cysf3193 is indeed connected to Cysa165, the
other two connections are between Cysal61 and Cysyl35, and
Cysy139 and Cysp197. The asymmetric arrangement is in keeping
with the unexpected reversal of direction for the a chain.

Homologous globular domains

The B- and +y-chains form a short two-stranded parallel B-sheet
(strands denoted ‘0’ in Fig. 3a) as they proceed away from the
disulphide junction before adopting separate courses that orientate

Figure 3 a, Topology of B-chain (green) and y-chain (red)
C-terminal domains. The first residue in each segment of
secondary structure is numbered. b, Stereo depiction of
superposed Ca backbone structures from globular
portions of B-chains (green) and +y-chains (red); the
numbers on the strands and letters on the helices
correspond to the secondary structure designations in
Fig. 4. ¢, GRASP representation of binding cavities of -
chains (left) and y-chains (right) showing charge dis-
tribution; red, negatively charged; blue, positively
charged”. Domains have been reorientated to show
equivalent projections.
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them at about 130 deg to each other. Beyond that, there is only one In both chains, the C-terminal subdomain is composed of three
interaction between the two domains, an antiparallel B-sheet extended loops that form the cavity expected for a ligand-binding
composed of residues Asnf3202—Val205 and Glyy216—Sery219. site. As anticipated, the calcium-binding site in the y domain is
Each of the homologous domains consists of two small subdomains,  contiguous to the binding cavity (Fig. 2), as is the protease-sensitive
at the N- and C-terminal ends, respectively, and a central domain  bond at Lysy302. One unexpected feature of the structure is that
with a 5-stranded antiparallel B-sheet (Fig. 3a). A large extended residues Lysy381—Aspy390 in one case, and LysB453—Phef458, in
helix is interrupted by a snout-like region. In the -chain, the snout-  the other, fold back from the C-terminal subdomain and form a
like region protrudes further than in the y-chain, the result of an  central § strand in the main domain.

eight-residue insertion that includes Cysf286, which is bonded to For the most part, our structure is in good agreement with a
Cys201 near the disulphide junction. recently reported structure of the y-chain globular domain'. In that

Table 1 Statistics for data collection, phase determination and refinement

Fragment D Double D
Space group: P2; Space group: P2
Unit cell:a = 107.72, b = 48.08, ¢ = 167.56, 8 = 105.70° Unitcell:a =93.82,b =95.5,¢ = 113.76,
B8 = 96.08°
Asymmetric unit: 2 molecules Asymmetric unit: 1 molecule
Native KAuCl, KAuUCl, Hgl, Hgly UO,(NO3),
(anomalous) (anomalous)
Beam UCSD Daresbury Daresbury Daresbury SSRL Daresbury ~ SSRL BNL
Detector MW Mar Mar Mar Mar Mar Mar Mar
NG 1564 0.88 0.88 0.88 1.08 0.88 1.08 1.02
Amin (A) 29 2.9 2.9 3.3 2.9 3.3 2.9
Number of crystals 9 1 1 1 1 1 5
Observations (V) 318,238 141,315 141,315 140,160 90,389 110,282 244,386
Unique reflections (V) 35,5652 27,080 27,074 24,106 19,596 23,648 40,637
Mean redundancy 8.95 52 5.2 5.8 4.6 4.7 6.0
Data coverage (%) 871 7 U 92 60 81 88.8
Rsym (/) (%)* 14.5 9.5 9.5 18.2 125 13.2 19.2
Mean isomorphous difference (%)t 18.0 261 14.6
MIR analysis
Amin (A) 4.0 4.0 5.0 5.0 45
Heavy-atom sites/asymmetric unit 4 4 1 1 2
Phasing power# 1.72 171 0.83 127 116
ReutisS 0.607 0.693 0.658
Mean overall figure of meritl 0.496
Refinement
. Native D model: 707 residues (5,712 atoms) DD Model: 1,414 residues (11,391 atoms)
d-spacings (A) 30.0-2.9 30 cutoff 30.0-2.9 3o cutoff
R-value$ (%) 26.3 231 241 218
Free R-value 36.3 325 31.8 29.2
r.m.s.d. bonds (A) 0.011 0.010
r.m.s.d. angles (°) 1.63 154
rm.s.d. B values (A% 4.7 43
Average B value 25.00 30.81

Rym = 2| =O| /2.
tMean |so|morpflous difference = = F(pH, F‘p, /Fip) where Fp) is the protein structure factor amplitude and Fpy is the heavy-atom derivative structure factor amplitude.
+Phasingpower =rm.s. = FH| E, where F is the calculated heavy-atom structure factor amplitude and £ is the lack of closure error.
SRouis = = HF(PH) == F(P,| |FH(CQ‘C) %E |F(pH) +Fe | for centric reflections only.
IIMean figure of merit = = |ka,)bes‘ k-
9 Crystallographic R-value = )/—'(Ow (F(CB‘C, | |g )/—]Obs,\ with 95% of the native data for refinement. Free R-value: R-value based on 5% of the native data withheld from refinement.
MW, multiwire detector; Mar, Mar imaging plate; SSRL, Stanford Synchrotron Radiation Laboratory.
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study, some ambiguity was reported for the C-terminal segment,
different crystal forms giving rise to different conformations.
Similarly, in our native fragment-D structure we were not able to
model in the last 10 residues at the C-terminal end of the y-chain. It
was possible, however, to trace the shorter B-chain almost all the
way to the C-terminal GInf3461 in the native fragment D. For the
most part, the - and vy-chain folds are very similar (Fig. 3b), the
root-mean-square (r.m.s.) distance being 1.42 A for 220 aligned
residues.

There are a few important differences, however, including two
short helices in the B-chain and a short helix and some additional 8
structure in the y-chain (Figs 3a and 4). Also, the B domain has a
five-residue insertion that, as forecast", disrupts the calcium-bind-
ing site. In addition, the B-chain has a carbohydrate cluster at
AsnB364 (Fig. 1), which is reported to be of the biantennary type'’.
The non-protein density in this region is disordered, and only a
nominal sugar was incorporated in the model.

As noted above, both the B and y domains have large cavities that
are well disposed for binding peptides (Fig. 3¢). Equilibrium dialysis
studies’ have shown that both sites should bind Gly-Pro-Arg-
peptides, but only the B site should bind Gly-His-Arg-peptides,
which correspond to the thrombin-exposed N termini of 3-chains.
The binding cavity in the y-chain has much more electronegative
quality than does the B-chain equivalent (Fig. 3¢). It may also be
important that the single sugar residue incorporated in the model is
positioned at the very mouth of the B-chain cavity. In the y-chain,
the structures in good accord with the biochemistry, Tyry363 being
inside the <y-chain binding cavity, as expected on the basis of
affinity-labelling studies'®.

A search of reported three-dimensional structures did not show
any significant resemblances to known proteins, a result in accord
with the recent report on the y-chain carboxyl domain'. At the
sequence level, however, the § and 'y globular domains are known to
be homologous with numerous other C-terminal domains found in
animal extracellular proteins, including tenascins, restrictins, ficolin
and calcium-dependent lectins found in both vertebrates and
invertebrates. Previously, an effort had been made to predict the
secondary structure of these domains on the basis of a diverse
multiple alignment and various biochemical considerations”. If a
three-state criterion is used (a-helix, B-sheet or other), then 81% of
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the residues were assigned correctly (Fig. 4). As anticipated, the
accuracy of the prediction was greater in the N-terminal half of the
domain, the looser carboxyl-segment being more ambiguous.
Another prediction with much the same results has recently
appeared”’.

Structure of double-D

In general, the structure of the double-D closely resembles that of
two molecules of fragment D butted end-to-end, conformational
changes as such being modest. There are some slight changes in the
positions of the helices in the coiled coil near their N termini, and
the ligand-binding pocket in the vy-chain does undergo some
readjustment. In this regard, the binding of the Gly-Pro-Arg
‘knobs’ involves both electrostatic interactions and hydrogen bond-
ing, the -amino group being juxtaposed between residues Aspy364
and Aspy330, and the guanidino group of the arginine lying
between the carboxyl group fo Aspy364 and Glny329 (Fig. 5a, b).
Variant human fibrinogens with defective polymerization have been
reported for all three of these sites'®". Fibrinogen Matsumoto I has
Aspy364 mutated to His, fibrinogens Kyoto III and Milano have
Aspy330 mutated to Tyr and Val, respectively, and fibrinogen
Nagoya has GIny329 changed to Arg. Some other reported variants
are involved less directly by disrupting the network of hydrogen
bonds involving important residues. Additionally, the loop contain-
ing residue Tyry363, which is known to be within the binding cavity
on the basis of affinity-labelling experiments'®, has moved relative to
its position in native D. The r.m.s.d. for the Ca atoms of the segment
Lysy356—Asny365 is 1.54 A.

The two y-chain binding cavities are on the same side of the fibrin
dimer, which has a ‘sidedness’ or dorsal—ventral aspect (Fig. 6a, b).
The fragment E region of fibrinogen, which includes the two Gly-
Pro-Arg ‘knobs’ in the native molecule and is intrinsically dimeric,
must straddle the junction on the side diametrically opposite the
crosslinks. Because the two a-chains contributing the Gly-Pro-Arg
‘knobs’ (residues Glya17—Arga19) are joined by a disulphide bond
only nine residues away (Cysa28) that necessarily falls on the two-
fold axis of native fibrinogen, it was possible to position a model
mask of the fragment E as it would be in the ‘D,E’ complex and the
beginning protofibril (Fig. 6¢, d). In this regard, a crude model of
fragment E was constructed by first applying a rotation of 180 deg

Figure 5 a, Electron-density omit map showing peptide ligand Gly-Pro-Arg-Pro-
amide bound to y-chain binding site in double-D as calculated with ~F0| - |Fc|
coefficients and phases from the refined model contoured at 2.2¢. The ligand
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model was not included in the F. calculation. b, Stereoscopic view of ball-and-
stick model showing ligand position in binding site. Residue numbering corre-
sponds to native human fibrinogen.
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along the long axis of double-D, followed by translations of the half-
stagger distance (225A) along this same axis and the width of
double-D in a perpendicular direction. The coiled coil of this
reoriented double-D was extended backwards by the correct
number of residues to reach the disulphide ring in fragment E

>

Molecule B

Molecule A

-

c Double D

(for example, Cysa45—Cysa49). It was then a simple matter to draw
the short connections to the disulphide dyad (Cysa28—Cysa28) and
on to the experimentally determined ‘knobs’ in the untranslated
double-D. The other half of fragment E was constructed by applying
the n.c.s. operators of the double-D structure. The symmetrical
model for fragment E is in the form of a double dog-leg, the result of
being anchored on the two ligands on the one hand, and the
extensions to meet the coiled coils in D on the other (Fig. 6¢). A
model of the protofibril can be constructed by repeated application
of the operations and their inverse (Fig. 6d).

End-to-end association of fibrin monomers.

The end-to-end association of joined fragments D occurs in a
staggered fashion such that a significant but not maximal amount
of surface area is occluded between the extremeties (Fig. 6a).
Accessibility measurements indicate that approximately 750 A” of
surface is lost as a result of the association, a modest contribution to
the free energy of polymerization®. There is a distinct crevice
between the associated ends that probably contains some solvent.
The offset nature of the association relative to the major molecular
axis requires an asymmetric set of interactions between the adjacent
fibrin units. Of particular interest is residue Argy275, one of the
most frequently reported mutations in polymerization-defective
human fibrinogens'. In native fragment D, this residue has its
guanidino group within hydrogen-bonding distance of the carboxyl

Figure 6 Four views across the D-D interface as seen
from increasing distance. a, Close-up showing structural
details of end-to-end abutment of fragments D in double-
D: R, Argy275; Y, Tyry280; S, Sery300; Ca, calcium atoms;
GPRP, Gly-Pro-Arg-Pro-amide ligands. The residues at the
interface are coloured according to their nearest dis-
tances to residues on the other side of the crevice, red
being shortest and greater distances shading toward
green. b, More distant view showing Gluy396 of molecule
A and GIny398 of molecule B connected by a broken line
denoting crosslink; CH,0O, carbohydrate. ¢, Even more
distant view of fibrin double-D with hypothetical fragment
E domain rooted on the two Gly-Pro-Arg ligands and
straddling the interface of abutting D domains. d, Very
distant view showing three molecules of double-D
connected by hypothetical structures corresponding to
full-sized fragments E and connecting segments to show
required packing in protofibrils. A fibrin monomer made
from two halves of the double-D structure and the
hypothetical fragment E is shown at the bottom.
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group of Aspy272. The two corresponding arginine residues in
double-D are not significantly moved in that regard, but two
different intermolecular interactions are now evident. In molecule
A, the guanidino group is within hydrogen-bonding distance of the
hydroxyl group of Sery300 on molecule B. The equivalent group on
molecule B is opposite Tyry280 on molecule A.

Although calcium has been reported to improve fibrin formation
in some mutant fibrinogens'®, there is no evidence that calcium is
involved in the end-to-end association, as revealed by the structure,
and the effect must either be the result of maintaining the general
structural integrity at the nearby calcium-binding site (Fig. 6a,b), or
the calcium is contributing to a later stage in polymerization.

It has long been recognized that fibrin formation involves an end-
to-end interaction independent of either the Gly-Pro-Arg-depen-
dent knob—hole interaction or the y—7y crosslinks, and it has been
predicted”, on the basis of the variant human fibrinogen denoted
Tokyo II, that Argy275 must be involved in that end-to-end
interaction. The X-ray structure verifies that prediction exactly.

Crosslinks

The reciprocally linked y-chain carboxyl segments are not visible in
the electron-density maps and must have some mobility despite
being connected from one unit to another. The logic of their
whereabouts derives from the observations that the two fragments
D are chemically linked to each other, as is readily shown on SDS
gels, and that the X-ray structure shows that the two fragments D are
situated end-to-end. The e-amino y-glutamyl crosslinks, which are
known® to involve Glny398 and Lysy406, join two molecules that
are end-to-end. Because of the offset nature of the end-to-end
interaction, the two different y-chain carboxyl segments must have
different conformations (Fig. 6b). This may explain why different
investigators have reported different conformations for this
region'®”. In our maps, the electron density was discernible up to
Gluy396 in molecule A, and up to Glny398, the crosslink acceptor
residue, in molecule B (Fig. 6b). The Ca—Ca distance between them
is 17 A, perhaps slightly too far for a simple helical connector of the
10 residues (15 A) needed to reach the molecule A donor at Lysy406,
but definitely too short for a simple antiparallel B strand (34 A). In
any case, the connections are on the opposite side of the joined units
from where the knob—hole interactions occur.

There has long been debate over whether the y—y crosslinks
connect neighbouring molecules in an end-to-end manner
(longitudinal)* or side by side (transverse)*’. The crystal structure
now demonstrates that they are connected end to end. Nonetheless,
the crosslinked segments are so exposed and readily accessible to
factor XIII that it should be possible for additional crosslinks to be
formed with other protofibrils, which may explain reports of
crosslinked trimers and tetramers®. The peripheral location of the
crosslinks also shows how the extended +y-chain known as v/,
reported to be a binding site for factor XIII*%, would remain external
after the association of fibrin monomers and would itself be cross-
linked.

Other physiological considerations

As well as providing details about how the individual units are
packed in the protofibril, these structures allow us to investigate
subsequent interactions in fibrin formation. They also allow us to
consider other important differences between fibrinogen and fibrin,
particularly the physiological matter of how various cells and
macromolecules distinguish between these two entities.

The reversal of the a-chain at the fragment-D disulphide ring
came as a surprise, but in retrospect it may make good biological
sense for several reasons. First, the known plasmid cut-points in the
region Lysa206—Arga239 are near the cuts that sever the coiled coil.
Second, the direction of the chain in this region is consistent with
reports that the C-terminal domains of a-chains are located in the
central parts of the molecule”. Third, the model in which the
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intramolecular associations of a-chain C-terminal domains are
broken during the polymerization process and reassociated in an
intermolecular mode®® might explain how certain features of the
coiled coil could be exposed in fibrin but not in fibrinogen.

As an example, the sequence Lysa151—Arga159, which is part of
the coiled coil immediately adjacent to the disulphide ring, has been
reported to activate tissue-type plasminogen activator in fibrin but
not in fibrinogen®. In fragment D, this region of the a-chain is
closed off on one side by the B globular domain, on two others by
the B- and +y-helices, and on its ‘frontside’ by the fourth helix.
Measures of solvent accessibility showed the segment to be totally
buried. Given the proposal that the a-chain carboxyl region moves
away from the parent molecule during polymerization®, it might
seem reasonable that the fourth helix could be pulled away from the
coiled coil and expose the masked residues, but we observed no
significant difference in this region in the double-D fragment
isolated from fibrin. One possibility is that the fourth helix is
pulled away, but then snaps back into the groove after plasmin
clipping, in which case the double-D would not be expected to be an
activator of t-PA, but it has been reported to be active®. For the
moment, the important difference between fibrin and fibrinogen
with regard to biologically active groups remains unresolved.

A recent report shows that the Gly-Pro-Arg-Pro-amide ligand
binds to the 30K y-chain domain™. O
Methods
Protein preparation and crystallization. Fragment D was prepared from
trypsin-digested human fibrinogen®> made from bloodbank plasma. N-term-
inal sequencing revealed an almost homogeneous protein with Valalll,
AspB134 and Mety89, with a small amount of Lysy88 present. We thank T.
Takagi of Tohoku University for determining the sequences. Sialic acids were
removed by digestion with neuraminidase; some preparations were purified
further by DEAE-chromatography. Crystals were grown at room temperature
from sitting drops with wells containing 16—19% PEG 3350, 50 mM Tris, pH
7.5-8.5,2mM NaNj and 50—133 mM CaCl,. Macroseeding was used to obtain
large crystals for diffraction studies™.

The double-D fragment was prepared directly from lysed crosslinked fibrin
generated by adding bovine thrombin (0.1Uml™") to human fibrinogen
(7.5mg ml™, 0.15 M NaCl) in the presence of 10 mM CaCl, and 5 mM cysteine.
The clot formed within 2 min. After 18 min, 0.05 original volumes of a trypsin
solution (1 mgml™") was added and the digestion allowed to proceed for 4 h at
room temperature, at which point 0.05 original volumes of a soybean trypsin
inhibitor solution (3mgml™) was added to stop further digestion. The
solution was passed over a Sephadex G-150 gel filtration column (2.5 X 85 cm,
4°C) that had been equilibrated with 1 M NaBr, 0.05 M sodium acetate, pH 5.3.
The leading peak was pooled and precipitated by adding 0.33 volume saturated
ammonium sulphate. The suspension was chilled on ice for 15min before
centrifugation, after which the supernatant was discarded and the pellet stored
frozen at —20 °C until needed. Unreduced preparations gave essentially single
bands with an apparent M, of 170K on SDS gels. Precipitates were dissolved in
minimal volumes of 0.05 M Tris buffer, pH 7.5, 0.005 M CaCl,, quick-dialysed
against that same buffer, adjusted to 10 mgml™", and set for crystallization.

Crystals were obtained under similar conditions to those that were effective

for native fragment D*, except that the CaCl, concentration was reduced to
10 mM and the Gly-Pro-Arg-Pro-amide was set at 5mM. Sitting drops were
maintained at room temperature; the exact well conditions were: 13—14% PEG,
50mM Tris, pH 7.0, 10mM CaCl,, 5mM Gly-Pro-Arg-Pro-amide, 1 mM
NaN3.
Crystallographic methods and data processing. Initial data collection and
heavy-metal screening was conducted at room temperature on a Rigaku RU200
rotating anode generator and two area detectors (San Diego Multiwire
Systems). Programs included with the San Diego Modelling System were used
to scale and merge these data. The higher-resolution data used in the final
model of fragment D were collected at the Daresbury synchrotron and Stanford
Synchrotron Radiation Laboratory (Table 1). The double-D data were collected
at the National Synchrotron Light Source, Brookhaven National Laboratory.
Data collected on image plates were scaled with Denzo and ScalePack™.
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Fragment D crystals soaked in 1 mM KAuCl, for 6 days yielded reproducible
gold derivatives as identified by peaks on the Harker section of a standard
difference Patterson. The Harker section from the difference Patterson map
contained four distinct peaks, but the maps could not be solved by conventional
Patterson-solving programs or manually”. Accordingly, six different data sets
for gold derivatives were collected and the resulting isomorphous Patterson
maps averaged together in Patterson space. This procedure enhanced the
pattern on the Harker section and revealed that the four peaks were actually
cross-peaks for two sets of atoms lying coplanar with each other at right angles
to the crystallographic y-axis. Two additional heavy-metal derivatives (ura-
nium and mercury) were subsequently identified by difference Fourier tech-
niques. The two-site second derivative was identified from crystals soaked in
1mM UO,(NO;), for 10 days, as well as the third derivative from crystals
soaked in 1 mM Hgl, (Hgl, + excess KI) for 6 days.

Heavy-atom refinement and phasing was carried out with the PHASES
package™®. The positioning of the heavy atoms and the poor quality of the initial
solvent-flattened mask cast doubt on the exact boundaries of the molecular
envelope. Great improvement was attained by a simple procedure of envelope-
skeletonization with a program called Envder (G.S., manuscript in prepara-
tion). In brief, a search is made of the asymmetric unit (solvent envelope) for
the largest sphere that can be contained within the envelope without penetrat-
ing solvent and not contained wholly within other spheres. A seed sphere is
then set and other spheres connected to it by determining the mutual overlap. If
the overlap exceeds a user-defined value, the spheres are considered to be
connected. The operation is repeated until the number of monomers (two in
this case) in the asymmetric unit is reached. The centre of mass of the
monomers can be determined from this, and so, in combination with self-
rotation angles, can an approximate translation vector. The molecular envelope
is then used to refine the n.c.s. matrices against the correlation coefficient.

The envelope was further improved by correlation mapping” and averaging
and limited phase extension with the RAVE package™ and DM”. Model
building was performed with O*, and molecular replacement was done with
X-PLORY, as were the structure refinements. SigmaA-weighting was per-
formed as described"'. The structure-homology search was performed with
DALI*. Figures were created from the following programs: MOLSCRIPT***
RASTER3D**; GRASP*; ALSCRIPT*.
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