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POSTDOCTORAL POSITION 
University of Virginia 

Protein Crystallography 

A position is available immediately in X-ray crystallography 
of protein-nucleic acid complexes. The specific focus of 

the laboratory is the structure determination of hormone 

receptor DNA complexes·. The group utilizes a 
broad range of methods in gene expression, 

biochemistry, X-ray crystallography and structure 

computation. The X-ray laboratory is equipped with a 
Rigaku generation, Mar image plate detector, mirrors, 

and ayo-oooling system, all of which are newly installed. 

Applicants must have prior experience with protein 

crystallography. Send curriculum vitae and two letters of 

reference to: 
Dr. Fraydoon Rastinejad 

University of Virginia 
Box 448-Pharmacology 

1300 Jefferson Park Avenue 
Charlottesville, VA 22908 

or 
fraydoon@virginia.edu 

• Nature 375:203-211 ( 1995). 

Meetings and Positions 

Postdoctoral Position in 
Protein Folding and Structural Biology 

A postdoctoral position is available at the University 
of Connecticut Health Center to study the 
mechanism of protein folding. Our current 
emphasis is to use alpha-lactalbumin as a model 
system to understand the sequence determinants 
for native tertiary topology and subsequent steps 
taken from a partially folded intermediate to a 
complete folded , biological active protein. The 
applicant should have some background in protein 
folding and be familiar with molecular biology, 
protein chemistry, and/or biophysical techniques. 

Interested candidates should send a cover letter, 
CV, and the names and phone numbers of two 
references to : 

Dr. Zheng-yu Peng 
Department of Biochemistry 

University of Connecticut Health Center 
Farmington, CT 06032 

Tel: 860 679 2885 or E-mail: peng @sun.uchc.edu 

You'll find these po~ tions and hundi'ds of 
others at the Job Exchange on Bioll,1,edNet 

http://BioMedNet.com f 
Kimmel Cancer Institute 

Oncogenesis and Cell Cycle Control 
Postdoctoral Position 

Applications are being accepted for a post­
doctoral position in a new lab at the Kimmel Cancer 
Institute, Thomas Jefferson University. We are 
interested in understanding the function of a new 

family of nucleotide binding proteins using X-ray 

crystallography, enzymology and yeast genetics. 
Experience in biochemistry and molecular biology 
required. Structural biology will be taught. For 
more information, see: 

Http://www.rose.brandeis.edu/users/brenner 
or contact 

Charles Brenner 
Kimmel Cancer Institute 

233 S. 10th Street 
Philadelphia, PA 19107 

Tel: 215 503 4573 • Fax: 215 923 2117 
E-mail: Brenner@auriga.rose.brandeis.edu 
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Decades of comparing and aligning protein sequences led 
to the e mpirical observation of the 'twilight zone' for 
sequence similarity [1]. The twilight zone is an opera­
tionally defined term. It represents a range of sequence 
identi ty that sets the boundary of confidence levels for 
detecting evolutionary related ness of proteins in sequence­
alignment analysis. When two protein sequences diverge, 
the remaining similarity, measured as percentage sequence 
identity, steadily decreases past the twilight zone to the 
limit expected by random chance. Above the twilight zone, 
the case for divergent evolution is strong, with greater 
sequence identity reflecting a shorter period of evolutionary 
divergence between a pair of proteins. \Vhen additional bio­
physical or biochemical evidence becomes available, such 
higher-than-twilight-zone levels of sequence identity are 
almost always accompanied by a very convincing similarity 
in three-dimensional (30) structure and biological function. 
\Vhen the sequence identity falls in the twi light zone, the 
statistical measure for the evolutionary relatedness of pro­
teins becomes uncertain. In most such instances, the 
sequences share neither an evolutionary past, similar struc­
tures nor biological functions. Despite chis, there are docu­
mented cases in which seemingly unrelated sequences, 
sharing less than the twilight-zone limit of sequence iden­
tity, adopt similar 30 fo lds (2,3]. In practice, the minimum 
sequence identity sufficie nt to infer evolutionary related­
ness depends on the length and amino-acid composition of 
the al igned sequences, as well as on the gap penalty 
imposed by the sequence-alignment procedures. \.Vith most 

computer al ignment programs, the twilight zone typically 
falls between 20 and 25 % sequence identity for proteins 
that are comprised of at least one stable domain [1,4}. \.Vhen 
two tota lly unrelated sequences composed of the 20 stan­
dard am ino acids were aligned without any introduced gaps, 
random chance led to a mean value of 6% for sequence 
identity. Sequence-alignment tech niques that maximize 
simi larity by introducing relative insertions and delet ions 
can be expected to significantly raise this baseline average 
fS]. To summarize, when a pair of protein sequences have 
high sequence identity-higher than the twi light-zone 
limit of 25 %----divergent evolutionary re latedness can be 
convincingly inferred. When the sequence identity falls 
within or below the twi light zone of 20-25 %, common 
ancestry from a shared past cannot be readily assumed by 
sequence data alone. 

Although the significance of the twil ight zone is well estab­
lished, much of its justification stems from our empi rical 
experience with statistical analysis of 10 protein sequences. 
As almost all protein sequences fold into specific 30 struc­
tures, and these folded structures are under evolutionary 
selection pressure, the twi light zone is likely to have some 
30 structural meaning. Cumulative am ino-acid changes in 
protein sequence, including insertions and deletions, result 
in altered 30 structures [6]. The connection between 
sequence similarity and structural similarity can be estab­
lished by a combined sequence-structural analysis of struc­
turally superimposed proteins. Studies carried out on pairs 
of optimally superimposed homologous proteins demon­
strated that the structural differences, measured as the 
average rms deviation of the backbone atoms, increases 
with decreasing sequence identity [7-9]. Although there are 
many individual exceptions, the general observation is that 
when two proteins share 50 % or higher sequence identity, 
their backbones differ by less than 1 A rms deviation; when 
two proteins share 20-25 % sequence identity, their back­
bones typically differ by some 2 Arms deviation. Therefore, 
to date, one simple 30 structural implication of the 1 D twi­
light zone exiscs: when the sequences of two proteins 
diverge to the twil ight-zone limit, their backbones can be 
expected to differ by 2 A rms deviation. Our recent results, 
obtained while developing the application of side-chain­
packing methods for the homology modeling of proteins, 
unexpectedly offers a deeper insight into the structural 
meaning of the twil ight zone. 

Approaches that analyze side-chain packing are based on 
the premise that the fixed backbone template of a protein 
is sufficient to allow the prediction of the side-chain coordi­
nates of its buried core residues, based on packing criteria 
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[10]. It is now well established that different side-chain­
packing methods, including the one [11] chat we have used, 
can be expected to accura tely predict the side-chain coordi­
nates of the buried core residues when the experimental 
backbone coordinates of a globular protein are given 
[12-19]. On average, the overall side chain rms error in pre­
diction is about 1.2A, while 85% of the Xi and 80% ofche 
x2 angles can be predicted accurately [20J. Allowing for the 
approximate 0.3A experimental error in the backbone coor­
dinates of even the most well determined X-ray structures, 
this is remarkably accurate when compared with the 3.1 A 
side-chain rms error and the 22 % and 29 % success races for 
Xi and x2 angles (averaging over all amino-acid residues) 
chat can be expected by random chance. 

Recently, we demonstrated that the side-chain-packing 
methods can be successfu lly applied to homology model­
ing, using families of proteins with known 30 structures as 
model systems [9,21]. For each target sequence, the side­
chain coordinates of the buried residues were predicted 
usi ng the backbone coordinates of a known homologous 
protein as a fixed template. The side-chain prediction 
accuracy was assessed as function of either sequence' simi­
larity or backbone structural similarity between the pairs of 
target and template proteins (Fig. 1). \.Ve observed that the 
average rms errors for the predicted buried side chains 
increase in an exponential fashion with decreas ing 
sequence identity or increasing backbone rms deviation 
(Fig. la,b). Specifically, when the sequence identity was 
abom 50 %, or with a corresponding backbone rms devia­
tion of about 1 A between the template and the true target, 
the average rms error for the predicted buried side chains 
remained low, at 1.5A. (Fig. la,b, arrows). In addition, 
60-65 % (Fig. I c,d, arrows) of the X7 angles were accurately 
predicted. When the template and -target sequences are at 
the twilight zone of abom 20-25 % sequence identity, or 
the corresponding backbone rrns deviation of about 
1.9-2.0A, the prediction accuracies for the average side­
chain rms error and the x2 angles reached their random­
chance limits of 3.1 A and 29%, respectively (Fig. 1). As 
the sequence identity drops from 50% to 20-25%, the x

1 prediction accuracy, although nor reaching its random limit 
of 22 %, is significantly reduced from 70-75 % to 50-55 % 
[9]. The fact char x1 is somewhat more accurate than the 
expected random va lue is not surprising, as Xi , unl ike x

2
, is 

highly restricted by its own local backbone. In contrast, Xz 
is mostly restricted by its tertiary packing against the back­
bones of regions distal in sequence and against other 
nearby side chains. Like x2, the side-chain rms error is also 
mainly innuenced by the degree to which the immediate 
tertiary environment constrains the packing possibili ties of 
a given buried side chain. Thus, in homology modeling, 
when the difference between a pair of template and target 
proteins reaches twilight zone, the corresponding imper­
fect template backbone, accompanied by incompatible ter­
tiary environment, is no longer sufficient to constrain the 

side chains of the target buri ed core residues into their 
correct rocamer orientations. 

It is remarkable that the limit at which the template back­
bone is· insufficient to constrain the correct packing of the 
buried side chains should occur at the twilight zone. This 
provides a structural expl~nation of the raison d'etre for 
the twilight zone: the confident assumption of divergent 
evolmion from sequence info.rmation alone. When protein 
sequences diverge from a common ancestor by a single 
amino-acid replaceme nt in the buried core, the new side 
chain replacing the original residue is quire severely 
hemmed in by its immediate tertiary environ ment, com­
prising nearby side chains and backbone atoms dis tal in 
sequence. Thus, only certain side chains in certai n rotamer 
conformations can be accommodated in the new fo lds. As 
more amino-acid replacements are progressivel y intro­
duced, there are successive gradual distortions of i::he ter­
tiary fold and side-chain interactions to accomm C' 'ate the 
changes. However, at each step, the descendent r ~otein's 
freedom to diverge is always restricted by the p rticular 
structural environment, imposed by the immediat, prede­
cessor, at the site of replacement. It appears that er ere is a 
continuing 'structural memory' of both the pattern ,:: f side­
chain interactions and the constraining backbone fold 
endowed by the common ancestral sequence. Bot !-- these 
memories are embedded in the evolving repertoire of side 
chains, the former only in the residues that have been left 
unchanged and the latter in all the residues. 

When the diverging protein sequences reach the twilight 
zone, the memory of the specific pattern of side-chain inter­
actions endowed by the ancestral sequence is in a structural 
sense 'lose': major rearrangements in side-chain interactions 
can take place as long as the side-chain conformations are 
compatible with the ongoing constraining backbone scaf­
folds. This is consistent with our recent observation that 
when a pair of target and template proteins shares 20-25 % 
sequence identity, the homologous backbone of the tem­
plate structu re is nor sufficient to allow better than random 
predictions of the buried side-chain conformations [9]. In 
contrast to the pattern of side-chain interactions, the ances­
tral constraining backbone fold can, and often does, con­
tinue to be recognizable as the seq uence diverges beyond 
the twilight zone. The well characterized examples are the 
globin and cytochrome c families in which pairs of homolo­
gous proteins that share less than 16% or 12 % sequence 
identity can still be compatible with the same general con ­
straining fo ld [6,22J. In the protein database, there are cases 
of related or unrelated proteins that share less than the twi­
light zone of seq uence identity and yet adopt similar folds 
but different si de-chain interactions [23,3J. 

The description above offers an explanation for the resid­
ual sequence identity of 20-25 % seen at the twilight zone. 
There is a similar explanation for the corresponding 
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Figure 1 

The relationship between side-chain 

(a) (b) 
prediction errors and sequence_similarity or 
backbone similarity between pairs of template 
and target proteins. The open boxes ~epresent 
globin modeling data points and the filled 
boxes represent the average values for d~ta 
points for a bacteriophage repressor family. 

~ 4.0,.-----::,------------i ~ 4.0.------- -----,, 

(a) Side-chain rms prediction error for the 
most well buried third of core residues against 
increasing sequence identity. (b) Side-chain 
rms prediction error against the backbone rms 
deviation between the homologous template 
structure and the target structure. 
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(c) Percentage of successfully predicted x2 
angles against the sequence identity. (d) The 
relation between the percentage of correctly 
predicted x2 angles and the backbone rms 
deviation between the template and target 
structures. The horizontal dotted line in (a) 
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and (b) indicates the random chance limit of 
3.1 A for predicted side-chain rms error and 
the horizontal dotted line in (c) and (d) 
indicates the n~ndom chance limit of 29 % for 
predicted x2 a•~gle accuracy. In _alt plots, the 
two arrows indicate the two regmns of 
particular inter-1st discussed in the text. The 
first arrow, at e,ther 22 % sequence identity or 
at 2 A target/tPmplate backbone rms error, 
corresponds to the twilight zone of protein 
sequence ider:tity. The second arrow, at about 
50 % sequence identity or at 1 A 
target/template rms error, c~rrespo~ds to ~n 
intermediate region where s1de-cham packmg 
methods still give quite reliable predictions. 
(The figure was adapted from [9], with 
permission.) 
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1.9-2.0A rms backbone deviation between the pair of tem­
plate and target proteins. For a backbone ~eviation of this 
magnitude, cwo main-chain atoms from d1ffe.rent parts of 
the protein can be expected to move max1mally_ about 
3.8--4 A closer together or further apart. As protems are 
well packed in the core and must maintain such a low 
energy state, this corresponds to either in~ercing or r~m~v­
ing an intervening spherical vol u"me of radius I_-9-2.0A (1.e. 
an approximate volume of 33.5A3). The pack10g volumes 
of the 20 amino acid side chains are well known and ;~nge 
from as little as oA3 for glycine to as much as I 72A.} for 
crypcophan [24]. Assuming all amino acids occu_r at eq~al 
frequency, the average change in volum~ associated wi th 
random ly selecting a residue in a protem and randomly 
replacing it with another can be crudely calculated to be 
about 35A_3_ Such a volume change associated with random 
amino-acid replacement within a protein can be approxi­
mated as a relative insertion or deletion of a sphere a,,f 
radius 2.0A. This number is very close to the l.9-2.0A 
radius of a spherical deletion/insertion that can be max_j­
mally tolerated by a 1.9-2.0A rms deviation between the 
backbones of homologous proteins. Thus, from a purely 

volumetric point of view and ignoring othe~ con~ideracions 
of shape complementarity, progressive d1sromon of the 
main-chain backbone of a protein as a result of sequence 
divergence can reach a point where ~ny ~ide ~hain can on 
average be replaced by any other with _Ii_ttle 111-effect; we 
find this point to correspond to the twilight zone. Sta~ed 
simply, at 1.9-2.0A backbone rms deviation, th~ side 
chains do not 'see each other' and can behave as 1f _they 
were relatively free of their constraining tertiary ~nv1ron­
ment so long as the volume is sufficient!~ occupied and 
the secondary structu ral propensities remam more or less 
unchanged (Fig. 2). 

In effect, chis suggests a pseudo-phase transition in which 
specific side-chain interactions begin to be replaced ~y 
more general van der VVaals ' interactions. In such a ~cenano 
we envisage constant secondary structure accompan~ed by a 
fairly mobile fluidity in the orientations of_ the_ mtemal 
buried side chains and loss of specific side-cha10-s1d_e~cha10 
interactions like hydrogen bonds. This is very_ rem101s.cent 
of chat postulated for the molten globule steps JO the kmet­
ics of the folding of proteins in solution [25]. In the molten 
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Figure 2 

(a) 

(b) 

(c) EB 

A schematic representation of the pseudo·phase transition as the 
backbone of a protein is progressively distorted. (a) The well packed 
native state with the thick vertical lines representing the connecting 
main-chain backbones. (Note that these do not reflect the actual 
backbone conformations.) The digitized horizontal pin-like lines 
represent the state of well-packed side chains. (b) Overall main-chain 
distortion at less than 2 A rms deviation. As the main chain is gradually 
distorted, the side chains can wiggle a little but cannot slide past each 
other. The native side-chain interaction pattern is retained. The arrows 
in the circle indicate that main·chain atoms can shift in any direction. 
(c) Overall main·chain distortion for a rms deviation of greater than 2 A. 
When the main-chain distortion is large enough, the side chains can 
pass each other. The original side-chain interaction pattern is lost and 
the side chains can re·pack in a different pattern. This amounts to a 
type of pseudo-phase transition behavior in structure space. 

globule state, only the overall fold is maintained, wh ile the 
specifics of the internal packing are dynamically changing. 
Nevertheless, such change is limited in that it has co be 
compatible with the overall fold. A consistent, experimental 

observation about the molten globule is that the volume of 
a protein increases in going from the fully folded nati ve 
state to the molten globule state. Although experimental 
values are not available for the backbone rms deviation 
associated with these expanded protein states, computer 
simulations suggest a value of 2-3A rms deviation for the 
residues in the well-defined secondary structural elements 
that surround the stable native-like core [26]. Much of the 
increased volume of the so-called dry molten globule state 
is thought to be a result of poor packing in the relatively 
fluid interior (25}. At least in computer sim ulations, this 
poor packing was accompanied by a backbone distortion of 
some 2-3 A rms deviation. 

Ir is perhaps not surprising that when the target and tem­
plate backbones diverge beyond a rms difference of about 
2A, our side-chain packing methods found the tem plate 
backbone robe insufficient to correctly constrain the buried 
side chains. Given that the twilight zone corre~oonds to a 
1.9-2.0A rms backbone deviation, this implies ~hat at the 
level of side-chain interactions, the native state of a protein 
could be about as different from its molten globule state as 
it is from the native state of a homologous protein that has 
diverged beyond the twilight zone. Thus, not unlike the 
constantly rearranging side chains of the molte n globule, 
sequences that are only compatible with the backbone fold, 
and therefore do not necessarily share a common past, can 
adopt one of the limited but ancestral ly unrela ted reper­
toire of side-chain/sequence arrangements in order to pack 
into the overall fo ld. 

Finally, returning ro the not ion of a pseudo-phase transi­
tion of the side-chain-packing pattern in structure space at 
the twilight zone, it would appear that an hysteresis-like 
behavior is associated with the twilight zone in sequence 
space. As illustrated in Figure 3, sequences that progres­
sively diverge from an original common ancestor ultimately 
reach and cross the twilight zone boundary of 20-25 % in 
seq uence space. This is accompanied by a pseudo-phase 
transition in which the structural memory of specific 
pattern of side-chain interactions endowed by the common 
ancestral sequence is lost: only the ancestral fold implicit 
in the ongoing sequence-to-fold compatibility remains. 
Thus, sequences that have diverged past the twilight zone 
may become locked in patterns of side-chain interactions 
that are very different from the ancestral pattern and 
cannot, except by pure coincidence, evolve through evolu­
tionary rime to the original common ancestor. In contrast 
sequences that have yet to cross the threshold retai~ 
the ancestral side-chain interactions and can, in principle, 
evolve back to the common ancestor. Esoteric as the poinr 
may be, the twilight zone constitutes a poinr-of-no-easy­
return. Even if a sequence were to return from beyond the 
twilight zone toward the ancesto r, the evolutionary path 
would probably be very different. This is remin iscent of 
the physical concept of hysteresis. 

Figure 3 

Sequence-structure space 

Twilight zone boundary 

Schematic illustration of the twilight zone in sequence-structure s~ace. 
The square box represents the protein se~uence-structure space in 

which proteins evolve over time. The sla~ in the center represents ~ 
common ancestor for a given family of divergent sequences. The circle 
surrounding it demarcates the twilight zone of ~0-25 % sequence 
identity. Points within the circle represent ?role1n sequences that are 
unambiguously re lated by divergent evolution ~o the c_on:imon a~cestor 
and share common features of the ancestral s1de·cham interactions. 
Points outside the circle represent protein sequences that m~y or may 
not descend from the common ancestor. Each of these protems may 
adopt a different pattern of. side-chain interactions from !_hat of the 
common ancestor. The serres of arrows represent a part•~ular . . 
trajectory of progressive mutations ~hrou~h e~oluti~nary time. W1th_rn 
the encircled twilight zone, such traiectones (1n solid arrows) can, rn 
principle, mutate back toward the common ances~or. However, once 
the trajectories cross the twilight zone boundary (1n dashed arro_ws), 
they will be unable, except by chance, to mutate back toward this 
common ancestor. 

In summary, our recent work on homology modeling of 
target protein structures using side-chain packing methods 
demonstrates that the point at which a homologous tem­
plate backbone is no longer sufficient to constra in th_e 
correct packing of the buried side chains occurs at the twi­
light zone limit of sequence identity ~etween_ the tem­
plate and target protein. This obs~~vanon p~ov1des a 3J? 
structura l justification for the empmcally-denved ID twi­
light zone of sequence identity._ The results suggest that 
protein sequences that have diverged from a _comm~n 
ancestor beyond the twilight zone may adopt side-chain 
interactions chat are very different from those endowed by 
the ancestral sequence. 
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