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when no observer was present. Flight activities were recorded for all bees until any bee in
the cohort was identi®ed as a pollen forager. This procedure ensured that tracked bees were
taking orientation ¯ights and were not foragers. Bees for radar tracking were selected on
the basis of their ¯ight experience and age. They were captured as they departed from the
hive. A queen-marking cage was used to restrain the bee as the transponder was attached to
the number tag using double-sided foam tape. The bee was then released from the cage at
the height of the hive entrance. When the bee returned to the hive-front, the transponder
was removed before she was permitted to re-enter the hive.

Radar tracking

The radar study site was a ¯at region of farmland (700 m ´ 900 m) at the Institute of Arable
Crops Research, Rothamsted (Harpenden, Hertfordshire, UK). It was planted with cereal
crops and was surrounded by ¯owering crops, hedges, wooded areas and buildings5. The
radar and transponders have been previously described4,5. The transponder worn by the
bees consisted of a 16 mm vertical dipole aerial and a Schottky diode. Two sizes were used,
0.8 mg and 12.0 mg. The larger version weighs less than an average pollen or nectar load1.
Glass or plastic tubing was attached to the bottom of the transponder so that it could be
inserted into a small hole drilled into the number tag. This created a base for the
transponder, facilitating its attachment to the bee. Tracks were obtained during June and
July 1997, on days when the sun or blue sky was visible. Five anemometry stations were set
up around the study site, and these recorded wind speed and direction once every 10 s. To
obtain a single measure of wind magnitude and direction for each bee ¯ight, the mean
wind vector at the midpoint between the beginning and end of the ¯ight path was obtained
by interpolation of the vectors recorded at the anemometry stations, averaged over the
¯ight period.

Data analysis

53 tracks were obtained from orienting bees, and 29 of them met the following criteria for
analysis: all signals fell within the 700 m radar range and the tracked path started and
ended at the hive front. An orientation ¯ight was de®ned as a ¯ight that began with
hovering in front of the hive entrance (23 out of 29); of the remaining 6 tracked bees, most
were seen again on subsequent ¯ights preceded by hovering. At the end of her tracked
¯ight, one bee lost her identi®cation tag and could not be studied further. Hovering is a
widely accepted indicator of orientation3. Flight speed is equivalent to the mean ground
speed for the ¯ight, and was calculated by averaging the point-to-point speed of the
moving bee based on 3-s radar sampling intervals. Track segments > 9 s in duration were
used for this calculation to match ¯ight-speed sampling intervals to wind-speed infor-
mation. In cases in which a radar track was divided into segments by a missing signal, the
¯ight-speed measure ignores the time the bee spent in these gaps unless the plotted data
indicated that the ¯ight path continued on the same course and speed. Proportion of time
spent in gaps was not correlated with age or experience (data not shown), and probably
represents short landings on vegetation. The area de®ned by a tracked ¯ight was calculated
using the minimum convex polygon method of home range analysis12. The x and y
coordinates of each signal were imported into the Antelope spatial analysis software
package (FTP://www-biolog.ucsd.edu.research/vehrenbury/programs.html). SAS Insti-
tute software was used for all other analyses13. All correlation analyses used the Pearson
product moment coef®cient14. The data were transformed to satisfy the requirements of
this parametric test. Non-parametric tests (Spearman correlation) conducted on the
untransformed data yielded identical results (data not shown). Quadrants around the hive
were de®ned by the intersection of two perpendicular lines centred at the hive.
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Haem-containing proteins such as haemoglobin and myoglobin
play an essential role in oxygen transport and storage. Com-
parison of the amino-acid sequences of globins from Bacteria and
Eukarya suggests that they share an early common ancestor, even
though the proteins perform different functions in these two
kingdoms1±6. Until now, no members of the globin family have
been found in the third kingdom, Archaea. Recent studies of
biological signalling in the Bacteria and Eukarya have revealed a
new class of haem-containing proteins that serve as sensors7. Until
now, no haem-based sensor has been described in the Archaea.
Here we report the ®rst myoglobin-like, haem-containing protein
in the Archaea, and the ®rst haem-based aerotactic transducer in
the Bacteria (termed HemAT-Hs for the archaeon Halobacterium
salinarum, and HemAT-Bs for Bacillus subtilis). These proteins
exhibit spectral properties similar to those of myoglobin and
trigger aerotactic responses.

When the hemAT-Hs gene was originally cloned, its product was
predicted to be a soluble signal transducer8 (HemAT-Hs was
originally named HtB)8. HemAT-Bs was identi®ed in the B. subtilis
genome-sequencing project as the product of an open-reading
frame encoding a protein with marked similarities to methyl-
accepting chemotaxis proteins (MCPs) (HemAT-Bs was previously
named YhfV)9. The predicted translation products of the hemAT-Hs
and hemAT-Bs genes, comprising 489 and 432 residues, respectively,
exhibit two striking features: ®rst, their amino termini (residues
1±184 in HemAT-Hs and 1±175 in HemAT-Bs) display limited
homology to myoglobin (Fig. 1a); and, second, residues 222±489 of
HemAT-Hs and 198±432 of HemAT-Bs are 30% identical to the
cytoplasmic signalling domain of Tsr (ref. 10), a MCP from
Escherichia coli (Fig. 1b).

The residues absolutely conserved among all globins are the
proximal histidine in the F helix (F8) and phenylalanine in the
CD region (CD1)11,12. Highly conserved residues include the distal
His in the E helix (E7), Phe in the CD4 region and proline at the
beginning of the C helix (C2). Three of these residues (Pro in C2,
Phe in CD1, His in F8) are conserved in both HemAT-Hs and
HemAT-Bs (asterisks in Fig. 1a). These features suggested to us that
HemATs may be haem-containing proteins that generate signals in
response to binding of oxygen.

To identify the prosthetic groups in HemAT-Hs and HemAT-Bs,
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both proteins were expressed in E. coli from recombinant vectors.
Recombinant HemAT-Hs was puri®ed using anion-exchange and
gel-®ltration chromatography. During SDS±polyacrylamide gel
electrophoresis (SDS±PAGE), puri®ed HemAT-Hs migrated more
slowly than expected from its calculated relative molecular mass
(Mr) of 52,800 (52.8K; Fig. 2a, lane 1). This behaviour is consistent
with the highly acidic nature of many halophilic proteins13.
HemAT-Hs was puri®ed from H. salinarum by metal-af®nity
and gel-®ltration chromatography as a recombinant protein
(HemAT6xHis-Hs) carrying a carboxyl-terminal six-histidine tag
(Fig. 2a, lane 2). HemAT-Bs was puri®ed using a combination of
ammonium-sulphate precipitation/fractionation and gel-®ltration
chromatography. As expected, puri®ed HemAT-Bs migrated during
SDS±PAGE as a 48.7K protein (Fig. 2a, lane 3).

HemAT-Hs and HemAT-Bs display similar absorption spectra in
the near-ultraviolet and visible regions, as is characteristic of
oxygen-bound haem proteins. Absorption maxima occur at
406 nm (Soret), 578 nm (a-band) and 538 nm (b-band) for both
proteins, compared with corresponding maxima of 418, 581 and
543 nm for horse-heart myoglobin (Fig. 3a). On deoxygenation
with sodium dithionite, the Soret bands of the HemAT proteins
shift to 425 nm, and the a- and b-bands converge to a broad peak at

555 nm (Fig. 3b). This behaviour is consistent with the formation of
a deoxy form of the proteins and is also seen with deoxymyoglobin.
If the deoxy forms of HemATs are exposed to atmospheric oxygen,
the absorption spectra revert back to those observed with the
puri®ed proteins (data not shown). Both the oxy and the deoxy
forms of HemATs also react with carbon monoxide (CO), which
causes shifts to absorption maxima at 415 nm (Soret), 573 nm
(a-band) and 535 nm (b-band) (Fig. 3c). Spectra of both the CO-
and O2-bound forms of HemAT-Bs show the presence of a sig-
ni®cant population of deoxy species. We observed that the ligand
af®nity of HemAT-Bs (and to some extent HemAT-Hs) is dependent
on the redox state of the haem before addition of the ligand. Redox
cycling through the ferric Fe(III) form of the protein (a small
population of which is present on isolation of HemATs) lowers
the ligand af®nity. This may represent redox-mediated conforma-
tional control of oxygen binding. A pyridine haemochrome assay
showed that the haem groups of HemATs are of the b-type (data not
shown). HemAT6´His-Hs puri®ed from its native host, H. salinarum,
produced spectral properties essentially identical to those of
HemAT-Hs and HemAT-Bs (data not shown), indicating that the
six-His tag has no effect on the spectral properties of HemAT-Hs.

To investigate the role of HemATs in signal transduction, we

Figure 1 The conserved sequences within HemAT-Hs, HemAT-Bs, sperm-whale

myoglobin (SWMb) and Tsr. Black boxes indicate positions at which the residues are

identical, and grey boxes highlight residues that are similar. Sequences were aligned

using the Clustal program of the MegAlign/DNASTAR. a, Alignment of the amino-terminal

domain of HemAT-Hs, HemAT-Bs and SWMb. Helical regions in SWMb (helices A±H) are

delineated by dotted lines. Pro (P), Phe (F) and His (H93) residues in SWMb are marked

with asterisks; Distal His (H64) in myoglobin is marked with a diamond. b, Alignment of the

carboxyl-terminal domains of HemAT-Hs, HemAT-Bs and Tsr from E. coli. The extent of

the two-methylation regions, K1 and R1, and the highly conserved domain (HCD) of Tsr

are indicated. The Glx±Glx (EE or EQ) doublets corresponding to methylation sites of Tsr

are marked with asterisks.
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constructed hemATs deletion and overexpression strains. We
analysed the behaviour of wild-type strains of both species, of
single-deletion strains of H. salinarum14 (HemAT-Hs was once
known as HtrX) and of the multiple-transducer-deleted Dten strains
of B. subtilis. Aerotaxis assays were performed in ¯at micro-
capillaries, observed with a dark-®eld microscope coupled to a
time-lapse digital video system (D.B. and M.A., unpublished data).
Wild-type H. salinarum strain F1x15 forms two clear aerotactic
bands; an aerophilic band near the air interface and an aerophobic
band farther from the interface (Fig. 4a). Formation of the aero-
philic band is mediated by the HtrVIII transducer15. If the aero-
phobic band forms in response to signals from HemAT-Hs, this
band should not form with a DhemAT-Hs strain, as observed
(Fig. 4a). Furthermore, the aerophobic response is clearly seen in
the DhtrVIII strain when HemAT-Hs is present (Fig. 4a). These data
also indicate that the aerophobic response of wild-type cells is
partially masked by the strong aerophilic response. We conclude
that HemAT-Hs is essential for the aerophobic response in
H. salinarum.

The aerophilic response in B. subtilis proceeds more rapidly than
in H. salinarum (30 compared with 180 min) because B. subtilis
swims faster than H. salinarum. In the wild-type, an aerotactic band
formed at the air interface (Fig. 4b). This band did not form in a
strain from which all 10 putative MCP-like transducers (Dten) were
deleted (Fig. 4b). A strain lacking only HemAT-Bs showed an
aerophobic response, indicating the presence of a second, uniden-
ti®ed aerotaxis receptor (data not shown). To demonstrate the
physiological function of HemAT-Bs unequivocally, we overex-
pressed hemAT-Bs in a strain from which all B. subtilis transducer
genes were deleted (Dten strain). When HemAT-Bs was over-
expressed in the Dten strain, the aerophilic response was observed
(Fig. 4b). These assays demonstrate that HemAT-Bs is involved in an
aerophilic response in B. subtilis.

In contrast to E. coli, adaptation during aerotaxis in H. salinarum
and B. subtilis is a methylation-dependent process15±19. Compared
with the bacterial chemotransducer Tsr, HemAT-Hs has two puta-
tive methylation sites in its C terminus (both are in the K1 region)
and HemAT-Bs has one in each of the K1 and R1 regions (Fig. 1b).
To determine if these putative methylation sites in HemATs can be
methylated by the CheR methyltransferase, H. salinarum and
B. subtilis cells were radiolabelled with methionine tributed on the

methyl group ([methyl-3H]methionine) after blocking protein
synthesis. The radiolabelled cells were processed for ¯uorography
and immunoblotting with a polyclonal antibody raised against the
highly conserved region of methyl-accepting transducers8. A single
radiolabelled band missing from the DhemAT-Hs strain (Fig. 2b,
lane 1) is present in the overexpression strain (Fig. 2b, lane 2). This
band is also recognized by the antibody, suggesting that HemAT-Hs
is indeed a methyl-accepting transducer (Fig. 2b, lanes 19, 29). In
contrast, we were unable to detect any [methyl-3H]-labelling in
HemAT-Bs (data not shown). In addition to the HemAT-Hs band in
the overexpression strain (lanes 2, 29), a prominent band at above
86K lights up strongly with the anti-transducer antibody and
intensely with [methyl-3H] labelling in the deletion strain. The
expression of this transducer (most likely the sensory rhodopsin I
transducer HtrI (ref. 8) based on its migration on SDS±PAGE) is
relatively low when recombinant HemAT-Hs is expressed. It is likely
that the presence or absence of the aerotaxis transducer HemAT-Hs
in H. salinarum is related to the expression level of HtrI. Together

Figure 2 Characterization of HemAT proteins. a, Approximately 5 mg of puri®ed proteins

was loaded in each lane during 10% SDS±PAGE28. Lane 1, HemAT-Hs; lane 2,

HemAT6´His-Hs; lane 3, HemAT-Bs. The Mr markers (´103) are shown on the left (lane M).

b, Fluorograph and immunoblot of HemAT-Hs. Radiolabelling and immunoblotting were

performed as previously described28. Lane 1, ¯uorograph of proteins from the

DhemAT-Hs; lane 2, ¯uorograph of proteins from the DhemAT-Hs/hemAT-Hs++

strain. Lane 19, immunoblot of DhemAT-Hs strain; and lane 29; immunoblot of

DhemAT-Hs/hemAT-Hs++ strain using anti-transducer peptide antibody8. Bars indicate

the positions of Mr markers (´103)

Figure 3 Absorption spectra of puri®ed HemAT-Hs, HemAT-Bs and horse-heart

myoglobin (HHMb). a, Oxygenated; b, deoxygenated and c, CO-bound forms of

HemAT-Hs, HemAT-Bs and HHMb. The haem concentration in all samples was 20 mM.

Deoxygenated samples were prepared by adding sodium dithionite to the protein

solutions. Spectra were obtained using a 1-cm quartz cuvette and a Milton-Roy

Spectronic 3000 diode array UV/Vis spectrophotometer.
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with the capillary assays, these data demonstrate an important
difference in the signalling and adaptation mechanisms for aerotaxis
mediated by HemAT-Hs and HemAT-Bs.

HemAT proteins constitute a new class of sensors that differ
signi®cantly from the known haem-containing O2-sensor FixL
(refs. 20, 21). FixL is a member of the large family of sensor kinases
ubiquitous in bacterial two-component regulatory systems. Its
haem-binding domain belongs to the PAS-domain super-
family18,19,22,23. HemATs contain no PAS domains18 and differ from
FixL both in spectral features and in physiological function. The
absorption bands of HemATs are blue-shifted relative to FixL
(415-nm Soret band), indicating that the proteins have distinct
haem-pocket geometries. In addition, both HemATs participate in
aerotaxis, whereas FixL regulates transcription. HemATs also differ
from the aerotaxis transducer Aer in E. coli, which has a FAD-
binding PAS domain24,25.

We propose that the amino-terminal domains of HemATs act as
sensors by binding diatomic oxygen at their haem when it is in the
ferrous (Fe(II)) state. Oxygen binding presumably triggers a con-
formational change in the sensor domain that, in turn, alters the
activity of the C-terminal signalling domain. The C-terminal
domains of HemATs are very similar to the signalling domains of
the MCP family of bacterial chemoreceptors, which associate with
the cytoplasmic CheW and CheA proteins to mediate chemotaxis. M

Methods
Expression and puri®cation of recombinant HemATs

PCR primers with sequences ¯anking the hemAT-Hs gene from H. salinarum strain F1x15
and encoding a NdeI or BamHI restriction site were used to amplify and clone the
chromosomal gene into the pET expression vector (Novogen). The PCR product was
initially ligated into the pCR-Blunt II TOPO cloning vector (Invitrogen) and then
subcloned into pET-3b after digestion of the donor and recipient plasmids with NdeI and
BamHI. PCR primers with sequences ¯anking the hemAT-Bs gene from B. subtilis strain
OI1085 and encoding a BamHI or PstI restriction site were used to amplify and clone the
chromosomal gene into the pCR-Blunt II TOPO vector. This fragment was later subcloned
into the pMALcII expression vector (New England Biolabs). The resulting plasmids from
both constructions were introduced into the E. coli BL21pLysS strain for protein
expression.

BL21 pLysS host cells harbouring plasmids carrying the hemAT-Hs or hemAT-Bs genes
were grown in Luria±Bertani broth with appropriate antibiotics, and synthesis of the
proteins was induced with 0.6 mM isopropyl-b-D-thiogalactopyranoside. After a 2-h
induction, the cells were collected by low-speed centrifugation (4,000g) at 4 8C for 15 min.
The pellets were resuspended in buffer (50 mM NaCl, 50 mM Tris-HCl, pH 6.0) and
sonicated for 4 min (12 pulses of 20 s with 30-s pauses). The cell lysate was centrifuged at

28,000g for 20 min. The red supernatant became the source of proteins for puri®cation.
The HemAT-Hs supernatant was applied to an anion-exchange POROS HQ/M column. A
linear gradient of NaCl (0±1,500 mM) was applied, and HemAT-Hs eluted at about
400 mM. Fractions containing HemAT-Hs (monitored by the Soret-band absorbance at
410 nm and SDS±PAGE) were further puri®ed by a HiLoad Superdex 200 gel-®ltration
column.

A saturated (NH4)2SO4 solution was added to 30% saturation to the HemAT-Bs
supernatant and centrifuged at 28,000g for 20 min. The optically clear, light-red super-
natant was further fractionated by adding (NH4)2SO4 to 36% saturation, and the
precipitate was pelleted by centrifugation. The pellet was resuspended in buffer (200 mM
NaCl, 50 mM Tris-HCl, pH 8.0) and further puri®ed by a HiLoad Superdex 75 column.

Expression and puri®cation of His-tagged HemAT-Hs from H. salinarum

A plasmid encoding C-terminal six-His-tagged HemAT-Hs was constructed by two-step
PCR. In the ®rst step, six His codons were fused to HemAT-Hs immediately in front of the
natural stop codon. In the second step, an XbaI restriction site was introduced at the 39 end
of the gene. The second PCR product was subcloned into the NdeI and XbaI sites of
plasmid pKJ427. This plasmid was introduced into a DhemAT-Hs strain14. Cells grown at
37 8C to mid-logarithmic phase were collected by centrifugation (4,000g) at 4 8C. The
pellet was resuspended in buffer (200 mM NaCl, 50 mM Tris±HCl, pH 8.0) and sonicated
for 3 min (12 pulses of 15 s with 20-s pauses). The cell lysate was centrifuged (100,000g) at
4 8C for 30 min, and the supernatant was used for puri®cation. The POROS MC/M af®nity
column was charged with 100 mM CoCl2. HemAT6xHis-Hs was eluted with a linear gradient
of imidazole (0±250 mM) and further puri®ed using a HiLoad Superdex 200 gel-®ltration
column.

Overexpression construction of HemATs in native hosts

NdeI and XbaI restriction sites were engineered respectively into forward and reverse
primers for PCR ampli®cation of the hemAT-Hs gene. The PCR product was initially
cloned into the pCR-Blunt II TOPO cloning vector, and the resultant plasmid was digested
with NdeI and XbaI restriction enzymes. The digested fragment carrying the hemAT-Hs
gene was subcloned into the halobacterial expression vector pKJ427. The ®nal recombi-
nant plasmid was transformed into the DhemAT-Hs strain.

To construct the Dten strain lacking all transducers, strains lacking yhfV, yfmS, yoaH or
yvaQ (ref. 9) were constructed using PCR of an internal fragment, ligating it into pHV501
(ref. 26), and integrating it into the chromosome, with selection for erythromycin.
Mutant strains lacking mcpC, tlpA or the combination of contiguous genes mpcA, mcpB,
tlpA and tlpB were already available. The mutations were combined into a single strain by
introducing a nearby nutritional marker by cotransformation with pEB112 (ref. 27),
selection for kanamycin, subsequent segregation of the plasmid, and ®nally co-trans-
duction of the respective inactivated receptor gene with selection for prototrophy of the
nearby nutritional marker. In the case of yvaQ and the combination mcpA, mcpB, tlpA and
tlpB, selection of a mutation in thrC was ®rst carried out using an integrated plasmid, with
selection for spectinomycin.

To construct an expression plasmid, BamHI and PstI restriction sites were used to clone
the hemAT-Bs, including its promoter and ribosome-binding site, into pEB112. The PCR
product was initially cloned into the pCR-Blunt II TOPO vector and later subcloned into
plasmid pEB112. The resulting plasmid was introduced into the Dten strain.
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180 min for H. salinarum and at 30 min for B. subtilis. The meniscus at the air interface is

visible to the right in each image.
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Motor disorder in Huntington's
disease begins as a dysfunction
in error feedback control
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A steady progression of motor dysfunction takes place in Hun-
tington's disease1 (HD). The origin of this disturbance with
relation to the motor control process is not understood. Here
we studied reaching movements in asymptomatic HD gene-
carriers (AGCs) and subjects with manifest HD. We found that
movement jerkiness, which characterizes the smoothness and
ef®ciency of motion, was a sensitive indicator of presymptomatic
HD progression. A large fraction of AGCs displayed elevated jerk
even when more than seven years remained until predicted disease
onset. Movement termination was disturbed much more than
initiation and was highly variable from trial to trial. Analysis of
this variability revealed that the sensitivity of end-movement jerk
to subtle, self-generated early-movement errors was greater in HD
subjects than in controls. Additionally, we found that HD correc-
tive responses to externally-generated force pulses were greatly
disturbed, indicating that HD subjects display aberrant responses
to both external and self-generated errors. Because feedback
corrections are driven by error and are delayed such that they

predominantly affect movement termination, these ®ndings sug-
gest that a dysfunction in error correction characterizes the motor
control de®cit in early HD. This dysfunction may be observed
years before clinical disease onset and grows worse as the disease
progresses.

Huntington's disease is an autosomal dominant inherited neuro-
logic disorder caused by a glutamate repeat expansion in the IT15
gene2. Disease symptoms appear in the fourth or ®fth decade of life1,
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Figure 1 Hand paths from selected subjects after 200 practice trials (movements 201±

300). a, The two most regular movements in each direction. b, The two least regular

movements each direction. Movement regularity was determined by the correlation

coef®cient6 of the velocity pro®le with the velocity pro®le of that subject's typical

movement. The typical movement was de®ned as the movement in each direction with the

highest average correlation to other movements. Hand paths are plotted from the centre

out relative to their starting positions. Points are spaced 30 ms apart in time. The distance

between consecutive points is proportional to the movement speed during that interval.

Top row, subjects with manifest HD. Second row, asymptomatic gene-carriers. Third row,

controls who have a parent with HD but who are mutation negative. Bottom row, controls

age-matched to the asymptomatic gene-carriers. The letter that labels each subject

identi®es him or her within each group in Fig. 2.
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