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in E2 binding [17]. The equivalent
position typically contains an
aromatic or hydrophobic residue in
the RING fingers and particularly in
the U box, where it is almost
invariably aromatic (Figure 1). The
structural models show that this
aromatic residue in the RING fingers
and in the U-box domain is exposed
(Figure 2) and could directly
contribute to E2–ubiquitin binding
via hydrophobic or aromatic stacking
interactions. Thus, the RING finger
and the U box in E4 proteins are
likely to activate ubiquitination and
multi-ubiquitination, respectively, in
a similar fashion, namely by
facilitating the interaction between
E2 proteins and their substrates. 

In addition to the previously
reported combinations of the U box
with other interaction domains [4],
we detected proteins with fusions of
the U box with the WD40 β-
propellers in the splicing factor
PRP19 and with a cyclophilin-like
peptidyl–prolyl isomerase (Figure 1).
In these proteins, the U-box domain
could recruit E2 proteins for
ubiquitination of pre-mRNA splicing
complexes and unfolded proteins
associated with the proline-isomerase
chaperone, respectively. This latter
role is consistent with the association
of UFD2 with the AAA ATPase
CDC48, which possesses chaperone
activity [4], and with the presence of
a U box in the HSP70-binding
protein CHIP [19] (Figure 1). 

These observations show that the
RING-finger fold can be maintained
even as its hallmark pattern of metal-
chelating residues is abolished and
that the RING fold is the common
structural determinant of both E2-
dependent ubiquitination and multi-
ubiquitination of proteins.
Determination of the U-box structure
and analysis of its interaction with E2
will put these predictions to test.

References
1. Ciechanover A: The ubiquitin-proteasome

pathway: on protein death and cell life.
EMBO J 1998, 17:7151-7160.

2. Hershko A, Ciechanove RA: The ubiquitin
system. Annu Rev Biochem 1998,
67:425-479.

3. Mizushima N, Noda T, Yoshimori T, Tanaka Y,
Ishii T, George MD, Klionsky DJ, Ohsumi M,
Ohsumi Y: A protein conjugation system
essential for autophagy. Nature 1998,
395:395-398.

4. Koegl M, Hoppe T, Schlenker S, Ulrich HD,
Mayer TU, Jentsch S: A novel
ubiquitination factor, E4, is involved in
multiubiquitin chain assembly. Cell 1999,
96:635-644.

5. Freemont PS: The RING finger. A novel
protein sequence motif related to the
zinc finger. Ann NY Acad Sci 1993,
684:174-192.

6. Saurin AJ, Borden KL, Boddy MN,
Freemont PS: Does this have a familiar
RING? Trends Biochem Sci 1996,
21:208-214.

7. Altschul SF, Madden TL, Schaffer AA,
Zhang J, Zhang Z, Miller W, Lipman DJ:
Gapped BLAST and PSI-BLAST: a new
generation of protein database search
programs. Nucleic Acids Res 1997,
25:3389-3402.

8. Thompson JD, Higgins DG, Gibson TJ:
CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment
through sequence weighting, position-
specific gap penalties and weight matrix
choice. Nucleic Acids Res 1994,
22:4673-4680.

9. Rost B, Sander C: Combining
evolutionary information and neural
networks to predict protein secondary
structure. Proteins 1994, 19:55-72.

10. Rost B, Schneider R, Sander C. Protein
fold recognition by prediction-based
threading. J Mol Biol 1997, 270:471-480.

11. Jones DT: GenTHREADER: an efficient
and reliable protein fold recognition
method for genomic sequences.
J Mol Biol 1999, 287:797-815.

12. Peitsch MC: ProMod and Swiss-MModel:
Internet-based tools for automated
comparative protein modelling.
Biochem Soc Trans 1996, 24:274-279.

13. Barlow PN, Luisi B, Milner A, Elliott M,
Everett M. Structure of the C3HC4
domain by 1H-nuclear magnetic
resonance spectroscopy. A new
structural class of zinc-finger. J Mol Biol
1994, 237:201-211.

14. Bellon SF, Rodgers KK, Schatz DG,
Coleman JE, Steitz TA: Crystal structure of
the RAG1 dimerization domain reveals
multiple zinc-binding motifs including a
novel zinc binuclear cluster. Nat Struct
Biol 1997, 4:586-591.

15. Ohta T, Michel JJ, Schottelius AJ, Xiong Y.
ROC1, a homolog of APC11, represents a
family of cullin partners with an
associated ubiquitin ligase activity.
Mol Cell 1999, 3:535-541.

16. Seol JH, Feldman RM, Zachariae W,
Shevchenko A, Correll CC, Lyapina S, Chi Y,
Galova M, Claypool J, Sandmeyer S, et al.:
Cdc53/cullin and the essential Hrt1
RING-H2 subunit of SCF define a
ubiquitin ligase module that activates the
E2 enzyme Cdc34. Genes Dev 1999,
13:1614-1626.

17. Joazeiro CA, Wing SS, Huang H,
Leverson JD, Hunter T, Liu YC: The
tyrosine kinase negative regulator c-Cbl
as a RING-type, E2-dependent ubiquitin-
protein ligase. Science 1999,
286:309-312.

18. Lorick KL, Jensen JP, Fang S, Ong AM,
Hatakeyama S, Weissman AM: RING
fingers mediate ubiquitin-conjugating
enzyme (E2)-dependent ubiquitination.
Proc Natl Acad Sci USA 1999,
96:11364-11369.

19. Ballinger CA, Connell P, Wu Y, Hu Z,
Thompson LJ, Yin LY, Patterson C:
Identification of CHIP, a novel
tetratricopeptide repeat-containing protein
that interacts with heat shock proteins and
negatively regulates chaperone functions.
Mol Cell Biol 1999, 19:4535-4545.

Address: National Center for Biotechnology
Information, National Library of Medicine,
National Institutes of Health, Bethesda,
Maryland 20894, USA.
E-mail: koonin@ncbi.nlm.nih.gov

Binocular rivalry and
perceptual coherence
Trung T. Ngo, Steven M.
Miller, Guang B. Liu
and John D. Pettigrew

Different images presented
simultaneously, one to each eye,
result in an alternating perception of
each image, rather than their
combination [1]. It has been
suggested that such binocular rivalry
is mediated by reciprocal inhibition
of neurones in separate monocular
channels [2]. However, recent single-
unit [3,4] (see also reviews [5,6]),
psychophysical [7,8] and functional
magnetic resonance imaging [9,10]
studies suggest that binocular rivalry
is resolved high in the visual
pathway. Despite this evidence,
there is ongoing debate over whether
it is the eyes or stimulus
representations that rival during
binocular rivalry [7,11].

With human observers, Logothetis
et al. [7] rapidly swapped each eye’s
presented image at a rate of 3 Hz and
demonstrated that this does not
induce rapidly changing perceptual
alternations but rather, smooth and
slow alternations indistinguishable
from normal rivalry. This finding
challenges eye or monocular-channel
interpretations, leading the authors to
postulate that it is the stimulus
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representations at high levels of the
visual pathway that rival. Lee and
Blake [11] recently replicated and
extended this study and found that
stimulus rivalry prevails over eye
rivalry only under limited conditions
such as low contrast.

In 1928, Diaz-Caneja [12]
reported that half-field stimuli
similar to those shown in Figure 1a
do not rival as alternating half-field
images (Figure 1b) but rather as
alternating coherent images
(Figure 1c). This demonstrated that
the brain is able to organize aspects
of each eye’s image into rivalling
coherent percepts. In his original
experiment using half-field stimuli
with red horizontal lines and green
semi-circles, both colour and contour
coherence may have been organizing
cues [12]. Colour was indeed shown
to be an organizing cue in a recent
study that similarly demonstrated the
brain’s synthetic capacity during
binocular rivalry ([8] and see earlier
studies reviewed in [8]). In these
experiments, dichoptically presented

patchwork images were shown to
rival as coherent images, though
some training was required for
observers to achieve this effect. 

Diaz-Caneja’s conclusion that
binocular rivalry must be a high level
process has tended to be overlooked
because of the relative obscurity of
the publication [12]. We therefore
welcomed the opportunity to briefly
replicate and quantify his work. We
used the half-field stimuli shown in
Figure 1a, which are devoid of colour
cues. We demonstrate that subjects
reported half-field perceptions
(Figure 1b) for approximately half of
their total viewing time (excluding
mosaic percepts), with the remaining
half spent perceiving full-field
(coherent) percepts. The graphs
beside Figure 1b,c provide the
relative percentages of half-field
versus full-field rivalry for sixteen
right-handed male subjects
(aged 18–25 years), and Table 1
shows each subject’s data. All
subjects reported periods of full-field
rivalry without training or prompting. 

Data were collected over half an
hour, divided into three blocks, each
with four 100 second trials. Subjects
sat three metres from a monochrome
display monitor and recorded their
perceptual alternations by pressing
one of three response keys: one for
either of the two half-field percepts;
one for either of the two coherent
percepts (these designations were
counterbalanced across subjects);
and the third for mixed or mosaic
percepts. The latter were excluded
from the percentage calculations
shown in Figure 1 but are reported
in Table 1. The stimuli were
presented in an elliptical patch, and
had a visual angle of 2.8 degrees
(height) by 2.1 degrees (width),
spatial frequency of
8.7 cycles/degree, and contrast of
0.9. The presentation of a different
image to each eye was achieved
using a VisionWorks package with
NuVision stereoscopic goggles that
allow the superimposition of each
eye’s image so no special training in
fixation was required. The results
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Figure 1

Stimuli used to demonstrate coherence
rivalry. (a) The stimuli presented to each eye;
(b) the expected perceptual pattern of eye-
competition models of rivalry; (c) the pattern
expected from an organizing process based
on contour coherence. The graphs display
the mean percentages of the subjects’ total
viewing time (excluding mosaic percepts) for
which each of the two types of rivalry were
perceived. Both half-field and full-field
(coherence) rivalry occupy roughly half of
each subject's total viewing time (see also
Table 1). The periods of coherence rivalry
cannot be accounted for by reciprocal
inhibition of neurones in separate monocular
channels and demonstrate that the brain can
organize components of each eye's image
(using contour as the organizing cue) to
achieve perceptual coherence. In 1928, Diaz-
Caneja reported this effect using similar half-
field stimuli but with colour cues as well (red
horizontal lines and green semi-circles). Try
observing the phenomenon of coherence
rivalry for yourself using free fusion or a piece
of paper to separate each eye’s image. 
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indicate clearly that the brain can
unite aspects of each eye’s image to
create coherent rivalling images on
the basis of contour coherence. We
refer to this as ‘coherence rivalry’
rather than ‘stimulus representation
rivalry’ since the coherent
percepts are different from either
of the presented stimuli, and
‘stimulus representation rivalry’
does not necessarily suggest that
reorganization of image components
is taking place. 

The fact that a substantial
portion of all subjects’ viewing time
involves coherent percepts supports
Diaz-Caneja’s early suggestions and
proves that eye rivalry does not
account for these periods. Our use
of high-contrast stimuli shows that
non-eye rivalry is not limited to low
contrast conditions (compare this
to [11]). The presence of substantial
periods in which half-field images
are perceived suggests that
perceptual coherence is not
always achieved. 

Although Lee and Blake [2,11] do
not deny the existence of stimulus

representation rivalry, they would
presumably support an eye
interpretation of the alternating half-
field periods. They suggest that the
search for the neurophysiological
mechanisms of binocular rivalry
“should not overlook neurons whose
signals retain some signature of their
monocular origins” ([11], page 1454).
However, this suggestion must
contend with the compelling
demonstration by Logothetis and
colleagues that monocular neuron
activity bears no relationship to the
perceptual reports of monkeys
during binocular rivalry [3]. 

The data presented here quantify
Diaz-Caneja’s 1928 finding and serve
as a timely reminder that coherence
rivalry is not due to rivalling eyes.
Our data also show that contour
alone can serve as an organizing cue
in coherence rivalry. Moreover, we
have shown that subjects report
periods of coherence rivalry without
training or prompting. The search for
the neural mechanism of binocular
rivalry continues and will require
new empirically verifiable models. 
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Table 1

Rivalry data for individual subjects.

Coherence Half-field Mosaic

Subject Percentage Number Percentage Number Number

1 37.2 265 62.8 265 1
2 39.5 191 60.5 192 2
3 43.3 93 56.7 86 64
4 46.0 124 54.0 125 2
5 47.1 171 52.9 172 42
6 48.9 51 51.1 49 1
7 50.9 152 49.4 148 24
8 51.1 76 48.9 76 14
9 52.8 120 47.2 124 11
10 53.0 107 47.0 104 33
11 53.1 68 46.9 167 6
12 54.0 61 46.0 62 24
13 55.3 67 44.7 64 0
14 57.0 100 43.0 96 11
15 60.7 247 39.3 246 1
16 64.3 120 35.7 116 37

Relative percentages of half-field versus full-
field (coherence) rivalry for sixteen male right-
handed subjects. The percentages for each
subject are calculated over approximately
20 min of viewing the stimuli shown in

Figure 1a and exclude mosaic percepts,
which do not fall into either category shown in
Figure 1b,c. Also shown is the number of
times mosaic, coherent and half-field percepts
were reported during the viewing period.
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