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Self-amplified spontaneous emission in a free-electron laser has been proposed
for the generation of very high brightness coherent x-rays. This process involves
passing a high-energy, high-charge, short-pulse, low-energy-spread, and low-
emittance electron beam through the periodic magnetic field of a long series
of high-quality undulator magnets. The radiation produced grows exponentially
in intensity until it reaches a saturation point. We report on the demonstration
of self-amplified spontaneous emission gain, exponential growth, and satura-
tion at visible (530 nanometers) and ultraviolet (385 nanometers) wavelengths.
Good agreement between theory and simulation indicates that scaling to much
shorter wavelengths may be possible. These results confirm the physics behind
the self-amplified spontaneous emission process and forward the development
of an operational x-ray free-electron laser.

Generation of high-brightness (photon flux
per frequency bandwidth per unit phase space
volume) hard x-rays ( photon energies greater
than ~5 keV or wavelengths less than 2.5 A)
has long been the domain of synchrotron light
sources based on high-energy electron stor-
age rings (/-3). However, important advanc-
es in x-ray brightness could potentially be
achieved by using free-electron lasing action
at these short wavelengths. Unfortunately,
free-electron lasers (FELs) based on the os-
cillator principle and conventional laser sys-
tems are limited on the short-wavelength side
to ultraviolet wavelengths, primarily because
of mirror or seed beam limitations.
Free-electron lasing at wavelengths short-
er than ultraviolet and including hard x-rays
can be achieved with a single-pass, high-gain
FEL based on the self-amplified spontaneous
emission (SASE) process (4—8). A high-
quality, high-peak-current electron beam is
accelerated and passed through an undulator
(a long, high-quality, sinusoidally varying
magnetic field). A favorable instability be-
gins between the electron beam and the elec-
tromagnetic (EM) wave it is producing, and
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the optical power increases exponentially un-
til the process eventually saturates at some
maximum radiation output level. At x-ray
wavelengths, the peak brightness would be
much higher (by more than 10 orders of
magnitude) than the brightness of sources
available today at comparable wavelengths.

Another important feature is that this pro-
cess can occur at any wavelength because it
scales with the electron beam energy and
so is continuously tunable in wavelength.
Achieving saturation of the process is thus
a matter of providing an undulator of suf-
ficient length and quality and then passing
a sufficiently high energy, high quality
beam through the undulator field.

Measurements of the SASE process oper-
ating to saturation have been previously
made; however, none were at wavelengths
shorter than 585 X 10° nm (9). As a direct
result of advances in the areas of high-bright-
ness electron beam production with photo-
cathode radio-frequency (rf) electron guns
(10, 11) and long, high-quality undulator
magnets such as those now used at all major
synchrotron light source facilities, recent
progress has been made at extending the mea-
surements of the SASE process to shorter
wavelengths (/2-14) [in one case, to a wave-
length of 80 nm (15)].

Our low-energy undulator test line
(LEUTL) (Fig. 1) and its various component
systems (/6-23) are designed to achieve and
explore the SASE FEL process to saturation in
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the visible and ultraviolet wavelengths and to
explore topics of interest for a next-genera-
tion linac-based light source. With a frequen-
cy-quadrupled Nd:glass drive laser, high-
quality electron bunches are generated via the
photoelectric effect within a photocathode rf
gun using copper as the cathode material. The
electron bunch is initially accelerated to ~5
MeV, then injected into the linear accelerator,
and further accelerated to the desired energy
(up to a maximum of 650 MeV). In addition
to acceleration, the beam undergoes magnetic
bunch compression to increase the peak cur-
rent. Finally, it is passed through the undula-
tor field, where SASE begins.

The essence of SASE lies in the genera-
tion of EM radiation by the electrons as they
are transversely accelerated by the magnetic
field of the undulator magnet and by the
interaction of the EM field back on the elec-
trons. When an electron beam traverses an
undulator, it emits EM radiation at the reso-
nant wavelength A\_ = (\/2y?)(1 + K?/2).
Here, \,, is the undulator period, ymc? is the
electron beam energy, K = eB \ /2mmc is
the dimensionless undulator strength pa-
rameter, and B  is the maximum on-axis
magnetic field strength of the undulator.
Although the EM wave is always faster
than the electrons, a resonant condition oc-
curs such that the radiation slips a distance
A, relative to the electrons after one undu-
lator period. Thus, under certain favorable
conditions, the interaction between the
electron beam and the EM wave can be
sustained, and a net transfer of energy from
electron beam to photon beam occurs. At
some distance along the undulator, the ra-
diation generated by the electron beam in-
teracting back on the electron beam induces
a periodic modulation of the beam longitu-
dinal density at the radiation wavelength \_
(microbunching). Because of this density
modulation, some fraction of the light be-
ing generated within the microbunch is co-
herent; that is, the amplitude of the electric
field in the EM wave is proportional to the
number of electrons within the microbunch,
making the radiation intensity proportional
to the square of the number of electrons.
The density modulation leads to a higher
radiation intensity, and the higher intensity
in turn causes stronger density modulation.
The result is an exponential growth in the
radiation intensity as well as in the density
modulation of the electron beam (Fig. 2).
The gain length is the distance over which
the power increases by a factor of e
(~2.72). Under ideal conditions, this is
given by

Lo = M
¢ 4m\3p M

where
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is the dimensionless scaling parameter (5), /
is the peak current of the electron bunch,
I, = 17,045 A is the Alfvén current, J; , are
Bessel functions, and o,
bunch transverse root-mean-square (rms)
size. The scaling parameter is typically of the
order of 0.001 for visible wavelengths and
shorter; therefore, the gain length is of the
order of 100 undulator periods.

By including the effects of energy spread,
angular divergence, and transverse beam size
of the electron beam, and also the diffraction
of the EM wave, the gain length is increased
by a factor x > 1; that is, Ly = xL%. The
degradation factor x is small if the electron
beam transverse phase space area (the beam
size times the angular divergence, called the
“emittance”) is smaller than the radiation
beam phase space area (A /4), the electron
bunch relative energy spread is less than p,
and if the gain length is less than the radiation
Rayleigh length. This degradation factor has
been computed for general cases (24-26),
and the results are summarized in a conve-
nient interpolating formula (27).

The phase of the density modulation rel-
ative to the radiation field during the expo-
nential growth is such that electrons primarily
lose kinetic energy. As the electrons lose
energy, however, the phase of the electron
motion relative to the EM field changes con-
tinuously, and eventually, the phase is such
that the electrons start to gain energy back
from the EM field. At this point, the growth
of the radiation power stops; that is, it satu-
rates (Fig. 2). The radiation power at satura-
tion is roughly given by pP,, where P, is the
kinetic power of the electron beam. With
degradation effects, it is found empirically
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(28) that the power at saturation is given by
P, =~ 1.6pP./x*. The number of undulator
periods required to reach saturation is rough-
ly N, = x/p.

The spectral, and thus temporal, charac-
teristics are somewhat more complicated. If
there is monochromatic coherent input radi-
ation with wavelength A (i.e., a seed signal),
then the monochromaticity will be preserved
(as long as the input signal power is higher
than the initial undulator spontaneous radia-
tion power), and the system acts as a coherent
amplifier of the seed radiation. In the absence
of an input seed signal, the miniscule coher-
ent part of the spontaneous synchrotron radi-
ation is amplified, thus the name “self-ampli-
fied spontaneous emission.” The noisy start-
up has a sizable impact on the spectral and
temporal characteristics of the output radia-
tion, and these output characteristics will
vary from shot to shot.

In SASE, before saturation, the radiation
spectrum undergoes a gain-narrowing pro-
cess in which the spectral width is roughly
given by AN\, = (p/N,)"2, where N, is the
number of the undulator periods traversed.
Temporally, the radiation is a superposition
of wave trains of coherence length I, = \ %/
AN, randomly distributed over the length of
the electron beam. The relative bandwidth of
the radiation at saturation is therefore about p,
corresponding to a coherence length of about
\./p. Because of the finite number of distinct
longitudinal coherence regions within the EM
pulse, there will be an inherent shot-to-shot
intensity fluctuation of 1/V/M, where M is the
number of coherence regions in the radiation
pulse.

Experiment and Analysis

In the LEUTL, there are nine undulators in-
stalled along the path of the beam. The un-
dulator period A, is 3.3 cm, and the peak
on-axis field is 1 T, giving an undulator
parameter K of 3.1. Each undulator is 2.4 m
in length, and they are separated longitudi-

Photocathode
rf gun

Bunch Compression

Fig. 1. Schematic of the LEUTL system. The particle accumulator ring (PAR) and booster synchro-

tron are shown only for reference.

nally by ~38 cm in order to maintain proper
phase matching between undulators while al-
lowing room for diagnostics, a quadrupole
magnet, and steering corrector magnets.

Electron beam and optical diagnostics sta-
tions are located before the first undulator
and after each undulator, for a total of 10
stations. Each station is equipped with elec-
tron beam position monitors, charge-coupled
device (CCD) cameras, remote filter wheels,
and actuators to insert various flags, metallic
foils, and mirrors into the bore of the undu-
lator line. A mirror at each station can also
direct the SASE light toward a fixed-position
high-resolution spectrometer located outside
of the tunnel. At the last diagnostics station,
following the ninth undulator, an additional
mirror can further direct the photon beam to
an in-tunnel spectrometer. With this diagnos-
tics suite, we can characterize the signatures
of the SASE process—optical power buildup,
mode size, radiation spectrum, particle beam
microbunching, etc—as a function of dis-
tance along the undulator. Details of the full
electron beam and optical measurement suite
can be found in (/7).

Our initial measurements focus on the
basic characteristics to confirm saturated
SASE operation, e.g., power as a function of
distance down the. undulator (Fig. 3A). The
measured and simulated power gain curves
for the beam parameters listed in Table 1
(column A) are plotted. The electron beam
energy was 217 MeV, giving an output wave-
length of 530 nm. The measured data are
normalized to the intensity at the end of the
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Fig. 2. Schematic representation of the longi-
tudinal microbunching within the colored elec-
tron bunch (dark blue, low electron density; red,
high electron density) and the exponential
growth of the optical signal (solid line) as a
function of distance along the undulator. Sat-
uration of the SASE process occurs after ~20
power-gain lengths.
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first undulator. The spread is due to both the
inherent statistical fluctuation of the SASE
process (i.e., the finite number of longitudinal
coherence lengths) and fluctuations in the
beam properties entering the undulator. Sta-
bility of the system was good, as evidenced
by the two indistinguishable measured data
points at 21.6 m. One was measured at the
beginning of the experiment, and the other
was measured at the end. Saturation of the
SASE process following the seventh undula-
tor (16.8 m) is apparent.

To achieve the observed saturation, we
compressed the electron bunch to maximize
the peak current. In this situation, the full
width at half maximum (FWHM) bunch
length (~140 pwm) was then shorter than the
distance by which the radiation slips ahead of
the bunch before reaching saturation (~270
pm in seven undulators). Thus, radiation that
slips ahead of the electron bunch stops inter-
acting with the electrons and propagates in
free space. The FEL interaction is also very
nonuniform across the electron bunch length
because the trailing part of the electron bunch
experiences less radiation field than the lead-
ing part. As a result, the strong slippage effect
somewhat reduces the total gain, as well as
the saturation level. We simulated this slip-
page effect with the time-dependent FEL
code GINGER (29), using the beam parame-
ters listed in Table 1 (column A). Fifty inde-
pendent SASE runs were made by starting the
simulation from random shot noise, and the
results were averaged. The simulated radia-
tion pulse energy was normalized to the mea-
sured pulse energy following the second un-
dulator. This choice was made because the
simulated spectral bandwidth (roughly a few
percent and sufficient for SASE) is not suf-
ficient for fully simulating the spontaneous
emission following the first undulator. In this
short-pulse regime, the saturation level is
~2 X 10° times that of the pulse energy
measured after the first undulator. Very good
agreement is found between the experimental
data and the simulation. In particular, the gain
length (slope) and the location of saturation
(at 17 m) are correctly modeled. Table 1
(column A) also lists the calculated gain
length obtained from the theoretical interpo-
lating formula (27) and from the fit to the
experimental data.

To confirm that the energy roll-off seen
in Fig. 3A was due to saturation and not to,
e.g., defects in the undulators’ magnetic
fields or beam trajectory problems, we
deliberately detuned the electron beam (this
was done by increasing the bunch length
while maintaining the same charge and thus
decreasing the peak current) so as to obtain
exponential gain down the entire undulator
line without saturation (Fig. 3B). The rele-
vant beam parameters are found in column
B of Table 1. The longer bunch length
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also insured that slippage effects were not
an issue and that a more direct comparison
of the theoretical intensities to those mea-
sured could be made. Stability over time
was checked as in Fig. 3A at the 21.6-m
data point. The two data points are nearly
indistinguishable.

A direct comparison of the experimental
and theoretical saturation power levels is hin-
dered because of the lack of an absolute mea-
surement of the radiation pulse energy and the
pulse length. Nevertheless, one can make an
indirect comparison based on the ratio of the
saturated pulse energy to the pulse energy

following the first undulator. Assuming the
pulse energy at station 1 is mostly spontane-
ous radiation, we find that the energy radiated
into a rms angular cone VA /(2N|\) is

e 1 K? 21
LY L U+ KH2)? N,
X 270, 3)

where N, is the number of periods in one
undulator and o, is the rms bunch duration.
Because the local gain is the largest in re-
gions of highest local beam current, the ef-
fective radiation pulse length is narrowed
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Fig. 3. Optical beam ener-
gy (time-integrated pow-
er) as a function of dis-
tance down the undulator,
under various electron
beam conditions. (A) Table
1, column A, 530-nm satu-
rated conditions. (B) Table
1, column B, 530-nm un-
saturated conditions. (C)
Table 1, column C, 385-nm
saturated conditions. For
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the data shown, 100 imag-
es were taken at each di-
agnostic station and used
to generate the data
points. Images showing ev-
idence of camera satura-
tion were discarded. Plot-
ted are the 25th, 50th
(central diamond), and
75th integrated intensity
percentiles at each station,

108
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10% -
10"

10° 4
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with the 25th and 75th
connected as a solid line.
The solid curves represent
GINGER simulation results.

T T
10 15
Distance (m)

Table 1. Measured beam parameters, measured gain

20 25

length, calculated gain lengths, and radiation mode

properties. Column A shows data from 530-nm saturated conditions, column B shows data from 530-nm
unsaturated conditions, and column C shows data from 385-nm saturated conditions.

Parameter A B C
Charge (nC) 0.30 = 0.02 0.33 + 0.007 0.30 = 0.02
rms bunch length (ps) 0.19 + 0.02 0.77 = 0.05 0.65 * 0.05
Peak current (A) 630 £ 78 17112 184+ 19
Normalized emittance (w mm - mrad) 85*09 85+ 1.1 71+05
rms energy spread (%) 04 +0.1 0.2 *0.1 0.1*0.1
Nominal radiation wavelength (nm) 530 530 385
Measured gain length (m) 0.97 1.4 0.76
Calculated gain length (m) 1.0 13 0.80
Calculated FWHM angular 0.74 0.62 0.71
divergence (mrad)
Measured FWHM angular 0.55 to 1.1 0.76 to 1.2 0.71to 1.2

divergence (mrad)

2039
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relative to the electron pulse. The saturation
energy at the saturation distance z, can be
estimated by

Lg
W, = P \2mo, .

The expected amplification factor from sta-
tion 1 to saturation is

(4)

W, 1.6p [Loh(l + K¥2)?
W, X z, 27 K*rey,

(5)

where r, is the classical radius of the electron.
Normally, z, ~ 20L;. With the LEUTL pa-
rameters and those of Table 1, this factor is
~106 for all three cases.

The exponential growth of the 530-nm
radiation (Fig. 3B) shows an amplification
factor of almost six orders of magnitude from
the signal level measured after the first un-
dulator to that measured with the last diag-
nostics station. This is just short of saturation,
according to the above argument. Again, the
experimental conditions were simulated with
the average of 50 runs, and the result is
overlaid on the experimental points. With the
typical beam parameters listed in Table 1
(column B), the gain length calculated with
the interpolating formula also agrees with the
experimental result.

In the third set of experiments, the elec-
tron beam energy was increased to 255
MeV so that the resonant wavelength was
385 nm. Saturation is again observed (Fig.
3C). The GINGER simulation curve in Fig.
3C was generated with the parameters list-
ed in Table 1 (column C). As for the 530-
nm cases, normalization of the radiation
energy was performed after the first undu-
lator. Stability over time, although quite
good, was not as good as the two previous
results. The two separate data points at
21.6 m are clearly distinguishable.

The high intensity measured at the first
data point of Fig. 3C can be explained as
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follows. The transmission curve of the
camera lens used for the visible light de-
tectors falls rapidly over the region from
400 to 380 nm. The resonant wavelength is
red-shifted when viewed off axis, and this
red-shifted radiation was detected by the
optical diagnostics. The red-shifted radia-
tion is not amplified by the SASE process.
We measure the intensity of SASE light for
a given station by integrating the image
over a sufficiently large region of the CCD,
after a background subtraction. At 385 nm
and small SASE power levels, i.e., early on
in the SASE process, the red-shifted spon-
taneous component contributes substantial-
ly to the total energy detected, whereas the
(non-red-shifted) SASE component is detected
with lower efficiency. The open circle in Fig.
3C at 2.4 m is the result of reprocessing the data
of the first point using a smaller integration area
of the CCD; this area is still large in comparison
with the theoretically expected radiation spot
size. This reduces the offset caused by the
contribution from red-shifted spontaneous
radiation while still including the full
SASE signal. Reprocessing of the other
data points in the same manner has no
effect because the SASE signal dominates
the signal integration. We show this repro-
cessed point only as a matter of explanation
and do not use it for comparison because its
value is dependent on the region of interest,
whereas the other points are not.

Once again, comparison of the measured
gain length with those derived from simu-
lation and theory are very good (Table 1,
column C), and the location at which satu-
ration occurs appears to be close to that
predicted by the simulation. However, the
saturation power in Fig. 3C is somewhat
lower than that predicted by GINGER. This
discrepancy may be due to an electron
beam trajectory error, small differences in
diagnostics transmission in the near-ultra-
violet region, the particular choice of sim-

Fig. 4. Single-shot spectra
taken at various locations
along the undulator line, with |
the beam tuned for satura- ] at7.2m
tion at 385 nm. Spectra were
individually normalized to 2
unity. 5
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ulation parameters, or a combination of
these factors.

Further comparison to theory can be made

by measurement of the angular divergence of
the optical radiation. In the exponential gain
regime, the FWHM angular divergence of the
guided mode can be estimated by
A,
i (©6)
Table 1 lists the calculated divergences and
the range of measured divergences in the
exponential and saturated regimes. The
agreement between theory and experiment is
reasonable and within the resolution of the
measurement. For the angular divergence
measurements (e.g., camera focused at infin-
ity), the typical rms spot size on the camera is
in the range of 3 to 4 pixels. Thus, the
resolution of this particular measurement is
not very high, and subtracting a 1-pixel res-
olution in quadrature results in much better
agreement between the measured and expect-
ed results.

Figure 4 shows a series of single-shot
spectra, taken after the third (7.2 m), fifth (12
m), and seventh (16.8 m) undulators for the
385-nm conditions. The evolution of the
spectrum during the exponential gain region,
and near saturation, is clearly apparent. As in
any distributed narrowband amplifier, the
spectrum narrows before saturation. Near sat-
uration (16.8 m), the relative rms linewidth is
~0.3% and is comparable to the FEL scaling
parameter p, as expected. Because the coher-
ence time 7, = A2 /(cA\) ~ 0.4 ps is almost
equal to the effective radiation pulse duration
[V2m o, VLg/z, (see Eq. 4)], a single co-
herence region (mode) appears in the last
spectrum.

Orwnm =

Conclusion and Summary

SASE with high-quality, high-energy elec-
tron beams passed through long, high-qual-
ity undulator magnets is seen to be a prom-
ising method for achieving unprecedented
x-ray brightness. Confirmation of the theo-
ry is an essential step toward determining
that SASE can reach saturation at short
x-ray wavelengths. The study of the SASE
process at progressively shorter wave-
lengths is proceeding rapidly and is being
made possible by advances in electron
beam generation and control and in magnet
technologies. Although beam qualities have
not yet reached the requirements for SASE
saturation at x-ray wavelengths, we showed
that both the electron beam generation
techniques and the undulator magnets are
of sufficient maturity to reach saturation at
ultraviolet wavelengths. We measured the
energy (time-integrated power), spectrum,
and divergence as a function of length
along the undulator system (including start-
up, as well as exponential gain to and be-
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yond saturation) and found all to be in good
agreement with theory. The detailed exper-
imental confirmation of the SASE process
and the beam manipulation methodologies
required to achieve saturation will continue
to improve and move the process to shorter
wavelengths, creating the possibility of
building a very high brightness, tunable
coherent x-ray source.
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G-Protein Signaling Through
Tubby Proteins

Sandro Santagata,’ Titus J. Boggon,? Cheryl L. Baird,*
Carlos A. Gomez,' Jin Zhao,2 Wei Song Shan,® David G. Myszka,*
Lawrence Shapiro’-2*

Dysfunction of the tubby protein results in maturity-onset obesity in mice.
Tubby has been implicated as a transcription regulator, but details of the
molecular mechanism underlying its function remain unclear. Here we show
that tubby functions in signal transduction from heterotrimeric GTP-binding
protein (G protein)—coupled receptors. Tubby localizes to the plasma membrane
by binding phosphatidylinositol 4,5-bisphosphate through its carboxyl terminal
“tubby domain.” X-ray crystallography reveals the atomic-level basis of this
interaction and implicates tubby domains as phosphorylated-phosphatidyl-
inositol binding factors. Receptor-mediated activation of G protein o (Ga,)
releases tubby from the plasma membrane through the action of phospholipase
C-B, triggering translocation of tubby to the cell nucleus. The localization of
tubby-like protein 3 (TULP3) is similarly regulated. These data suggest that
tubby proteins function as membrane-bound transcription regulators that
translocate to the nucleus in response to phosphoinositide hydrolysis, providing
a direct link between G-protein signaling and the regulation of gene expression.

Obesity has become a severe worldwide ep-
idemic that may soon displace malnutrition as
the most significant single factor affecting
human health (7, 2). Obesity is a cause of or
contributing element in a number of systemic
diseases leading to increased risk of mortali-
ty. While obesity among the young is a prob-
lem of considerable magnitude, adult-onset
obesity is a leading cause of decreased life
expectancy and is a primary risk factor for
type II diabetes, heart disease, and hyperten-
sion (3, 4).

The tubby strain of obese mice (5) provides
one of the few defined models for adult-onset
obesity. The mubby gene, which is highly ex-
pressed in the paraventricular nucleus of the
hypothalamus and several other brain regions,
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was identified by isolating the genetic locus that
transmits this autosomal recessive obesity syn-
drome (6, 7). Tubby mice have a naturally
occurring splice site mutation at the junction of
the 3’ coding exon. Targeted deletion of the
tubby gene results in a phenotype identical to
that of the naturally occurring mutant, indicat-
ing that the tubby obesity syndrome indeed
arises from a loss of function (8).

The tubby protein is a member of a homol-
ogous family with four members (tubby and
TULPs 1 to 3) encoded in the human genome
(9-11) and with others present in various mul-
ticellular organisms (/2). These proteins feature
a characteristic “tubby domain” of about 260
amino acids at the COOH-terminus that forms a
unique helix-filled barrel structure; this COOH-
terminal domain binds avidly to double-strand-
ed DNA. Mutation of the tubby-like protein 1
gene TULPI is the genetic origin of human
retinitis pigmentosa type 14 (RP-14) (12-14).
Mapping mutations from RP-14 patients onto
the tubby COOH-terminal domain structure
outlines a long, positively charged groove im-
plicated in DNA binding (/5). Tubby proteins
also include NH,-terminal regions that, in their
primary sequence, resemble activation domains
from known transcription factors (/5). Al-
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