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hinge ( I  I ) .  
In this rich biological context, further under- 

standing of E2 seemed poised to benefit from a 
stnlctural study. We used limited proteolysis to 
identify an NH,-terminal core domain (amino 
acids 1 through 207) of BPVl E2. Diffracting 
crystals of this constsuct were difficult to ob- 

The papillomavirus E2 protein regulates viral transcription and DNA replication tain, but it senred as a guide for similar prote- 
through interactions with cellular and viral proteins. The amino-terminal ac- olysis experiments on the HPV16 and HPV18 
tivation domain, which represents a protein class whose structural themes are E2 proteins that each produced two AD frag- 
poorly understood, contains key residues that mediate these functional con- ments. Crystals were grown of both HPV18 
tacts. The crystal structure of a protease-resistant core of the human papil- constnlcts (amino acids 1 though 215 and 66 
lomavirus type 18 E2 activation domain reveals a novel fold creating a cashew- through 215) (12). Selenomethionine-substitut- 
shaped form wi th  a glutamine-rich CY helix packed against a p-sheet framework. ed crystals permitted phase determination by 
The protein surface shows extensive overlap of determinants for replication and multiwavelength anomalous diffraction (MAD) 
transcription. The structure broadens the concept of activators t o  include teclmiques (13). The resulting experimental 
proteins with potentially malleable, but certainly ordered, structures. maps allowed the constsuction of a model in- 

cluding all but seven residues of the shorter E2 
Papillomaviruses maintain latency in divid- (8);  and other cellular factors such as AMF-1 AD core (Table 1). 
ing stem cells of various epithelial tissues, (9),  which positively affect E2's transcrip- The E2 AD is characterized by a cashew 
replicating as extrachromosomal plasmids. tional activation. Which of these many inter- shape of 55 A by 40 A by 30 A, with a 
Several of the high-risk variants of the human actions are sufficient or necessary to achieve concave cleft on one side of the protein and 
papillomavirus (HPV), including HPV18, are transcriptional activation is more ambiguous. ridges on the opposite surface (Fig. 1). Its 
particularly associated with cervical cancer 
and other intraepithelial neoplasias (1). Viral 
protein levels, and ultimately the virus life 
cycle, are regulated by various forms of the 
viral hanscription factor E2 and their interac- 
tion with the viral helicase E l .  The -45-kD 
E2 proteins characterized from numerous hu- 
man and animal serotypes share a common 
organization of two modular domains. An 
NH,-terminal activation domain (AD) of 
-260 amino acids and a COOH-terminal 
DNA binding domain (DBD) of 100 amino 
acids in length are joined by a flexible hinge 
region. The E2 DBD dimerizes to form a p 
barrel with flanking recognition helices posi- 
tioned in the major grooves of the DNA 
binding site (2). In contrast, the E2 AD, like 
transcription ADS in general, has remained 
enigmatic from a structural standpoint. Al- 
though this has fostered models based on 
induced fit with interacting paitners (3), the 
extensive sensitivity of the E2 protein to 
point mutations over the entire AD is sugges- 
tive of a discrete disruptable stmcture, as 
confirmed by our work. 

E2 activates viral replication through co- 
operative binding with the viral initiator pro- 
tein E l  to the origin of DNA replication (4), 
ultimately resulting in functional E l  hexam- 
ers (5) .  E2 is also a central regulator of viral 
transcri~tion. It interacts with basal transcriv- 

These details are consistent with the idea that 
enhancer binding proteins function as tran- 
scriptional activators by using specific pro- 
tein-protein contacts to link components of 
the general transcription machinery to a pro- 
moter, with the goal of recruiting RNA poly- 
merase (10). A third function of E2 is to aid 
in the faithful segregation of viral DNA. The 
bovine papillomavirus (BPV) genome and E2 

fold is novel as gauged by three-dimensional 
structure comparisons using DALI (14). A 
17-residue NH,-terminal helix and a subse- 
quent distorted helical loop pack against a 
P-sheet framework built of antiparallel 
strands. The first two sheets form a larger arc 
that cradles the smaller, more bent sheet (Fig. 
1B). There is an intricate layering of p 
strands that are relatively bowed or briefly 

Table 1. Crystallographic data, phasing, and refinement. The crystals are of  space group P6,22. Data were 
collected on beamline 5.0.2 at the ALS, LBNL, and beamline 1-5 at the SSRL, Indexing was performed wi th  
MOSFLMISCALA (27, 28) or the HKL suite (29). Initial phases were determined wi th  SOLVE (30), which 
located t w o  of four possible selenium sites in the asymmetric unit, and phases were solvent-flattened 
(31) wi th  DM (28, 32). The model was built w i th  0 (33). Further clarification of specific areas was aided 
by application of SOLVE t o  the ALS MAD data set, which identified all four selenium sites and 
unambiguously corrected a misregistration near the COOH-terminus of the protein fragment. Refine- 
ment was performed wi th  CNS (34) initially using only experimental phases t o  2.8 .&. Eventually, the 2.1 
A native data set was incorporated, and phases were calculated from all the data wi th  SHARP (35). Water 
molecules were added during later stages of refinement. General data manipulations were performed 
wi th  the CCP4 suite of  crystallography software (28). rmsd, root mean square deviation; deg, degrees. 

Native (ALS) MAD (ALS) MAD (SSRL) 

Unit cell (A) 
a = b  76.18 76.46 76.70 
c 158.20 158.31 158.67 

Resolution (A) 2.1 2.8 2.8 
R,,, (%)* 5.2 19.1 10.8 
Unique reflections 16,635 7,342 8,098 
Observed reflections 135,695 174,510 222,327 
Completeness (%) 99.4 99.6 99.7 
Fold multiplicity 6 13 13 

tion factors, including TATA-binding pro- Geometry 

tein, TFIIB, and human TAF,,70 (6, 7);  piox- rmsd bond lengths (A) 
rmsd bond angles (deg) imal promoter binding proteins such as Spl 
Most favored phi-psi (%, 

Refinement 
0.007 FOM (SOLVE) 
1.2 FOM (DM) 

91.6 R,,,.+ (%)t . . .  
Additionally ailowed (%) 7.6 

De~artment of Molecular and Cell Biolo~v. Universitv Generousl~ allowed (%) 0.8 

-,,-. 

Rfree (%)t 
Waters , , 

of '~alifornia, Berkeley, CA 9 4 7 2 0 - ~ ~ O ~ U S A .  
*R,,, = 211 - (I)/Z(/), where I is intensity. :R factor = ZF, - F,l2lFo1, where F, and F, are observed and 

*To whom correspondence should be addressed. E- calculated structure factors, respectively, and Rfr,, is the cross-validation R factor calculated with 10% of the data 
mail: mbotchan@uclink4.berkeley.edu omitted from refinement. 
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disrupted as they transition between alternate 
sheets. A similar break is imposed by a prom- 
inent Cys side chain in helical region 2, dis- 
joining two helical turns. Flexible loops that 
connect the strands and helices are generally 
exposed at the edges of the protein. 

The various E2 proteins average 30% amino 
acid sequence identity (Fig. 2). The proteins 
also show functional conservation, as combina- 
tions of intertypic El and E2 genes can com- 
plement each other for viral replication. Such 
cross-variant interaction has been achieved with 
HPV 1 1, HPV 1 6, and BPV 1 in pairwise mixing 
of the respective El and E2 genes (15). Also, 
mutational analyses on BPVI, HPV16, and 
HPV31 E2 genes have shown consistent re- 
sults: Many residues throughout the AD are 
important for both transcription and replication, 
compatible with the idea that surfaces for both 
biochemical activities are interleaved. Howev- 
er, in all three E2 types, two amino acid substi- 
tutions clearly separated these two capacities. 
Changing Ile73 to Ala (Ile73Ala) destroyed 
lranscriptional activation while leaving replica- 
tion functions intact, whereas replacing Glu39 
with Ala (G139Ala) had the inverse phenotype 
(16-19). Together, these findings support the 
idea that the various E2 ADS share a common 
fold and mechanism of action. 

We have therefore c o m b i i  the results of 
the mutagenesis analyses with the HPV18 E2 
AD structure to study if discrete surfaces cor- 

relate with known E2 activities. As anticipated, quently impact both replication and transcrip- 
conserved residues are fTequently buried (Fig. tion. In several cases, the stability of the mutant 
2). Given that many buried residues pack tight- proteins has been directly examined. Three 
ly in a hydrophobic core or participate in di- BPV mutants in particular show low protein 
verse ionic interactions, Ala substitutions at levels in cultured cells (Leu82Ala, Trp92Ala, 
these positions would be expected to have de- and Lysl l2Ala) (16). Furthermore, purified 
stabilizing effects. Indeed, such mutations fie- Lysl l2Ala and Leu82Ala mutant E2 proteins 

. . - . .. . . 

HPV18 
HPV16 
HPVI 1 
BPVl 

HPV18 
HPV16 
HPVI I 
BPVl 

I I I I I I I I 
140 150 160 1 70 180 190 200 210 I = buried mS exposed 

Fig. 2. Sequence alignment of four papillomavirus EZ proteins matched to the secondary structure, 
shaded by relative exposure of the backbone [PROCHECK (28)]. There is a qualitative correlation 
between more conserved regions (salmon shading) and buried positions (dark shading). Numbering 
is according to BPV convention. 



have a heightened sensitivity to proteolysis 
(20), which is consistent with a comprehensive 
loosening of the fold. 

Tight packing in the HPVl8 structure pro- 
vides insight into these effects. For example, 
Lys112 is involved in charge interactions with 
the acidic side chain of Glu90 and the backbone 
carbonyl oxygen of Asp9'. Conversion of this 
Lys to an Ala eliminates these ion pairs. Simi- 
larly, the hydrophobic environment around res- 
idues Trp9' and Leu8' would be sensitive to 
mutation at those positions (see Web Fig. 1, 
available at www.sciencemag.org/feature/data/ 

991001.shl). These points, illuminated by the 
structure, show how difficult it may be by 
simple loss-of-function assays to discern those 
residues of E2 that may be interacting specifi- 
cally with other cellular or viral partners. With 
this structure, we can focus on candidate amino 
acids poised for intermolecular interactions, en- 
abling exploration of less conserved features 
(Fig. 3A, right). 

Examination of surface residues in light of 
the mutant phenotypes indicates that broad 
and clear zones of transcription function and 
replication function are not segregated on the 

surface of the core (Fig. 3, B and C). Impor- 
tant amino acids for each of these functions 
are numerous and widely spaced. The strik- 
ing overlap hints at mechanistic insights be- 
cause most of the documented E2-interacting 
factors have a primary importance for either 
replication or transcription, but not both. 
Consequently, many of the surfaces that are 
utilized for both functions might compete for 
similarly structured targets in replication or 
transcription complexes. 

Small patches of residues throughout the 
surface may in some cases be more critical for 
one activity or the other. A prominent cluster of 
mutants that preferentially affect replication lies 
on the inner edge of the main cavity, distal to 
the long %-terminal helix (Fig. 3B). This 
well-conserved, exposed region encompasses 
residues G ~ u ' ~ ~ ,  L Y S ~ ~ ~ ,  and which pro- 
trude from a shorter a helix. Also, Ile73, al- 
though hydrophobic, is exposed on the long 
%-terminal a helix and defines a distinctive 
surface that is more important for transcription 
than for replication. 

Guided by the structure, we further ex- 
plored the outside face of this helix, targeting 
three Gln residues just COOH-terminal to 
Ile73 for Ala substitution (21) (Fig. 4). In 
transient cell-based functional assays (22), 
individual mutations show an increasing ef- 
fect on transcription the closer they are to the 
NH2-terminal region of the helix (that is, the 
vicinity of Ile73). These mutants had modest 
or no effect on replication functions (Fig. 4). 
The pattern of these results, corroborated by 
analogous mutations made in BPV E2 (23), is 
consistent with this helix surface being im- 
portant in transcriptional activation. We spec- 
ulate that the hydrophobic Ile73 helps in es- 
tablishing transcriptionally important protein- 
protein interactions with further stabilization 
and specificity provided by the polar Gln76. 
The prevalence of Gln in particular is remi- 
niscent of the general class of Gln-rich ADS. 
This helical array may provide a template for 
the three-dimensional disposition of Gln's in 
their namesake activators. 

The analysis of the NH,-terminal a he- 
lix of E2 draws similaritiei with structural 
studies of the activator peptides from p53, 
cyclic adenosine 3',5'-monophosphate re- 
sponse element-binding protein (CREB), 
and VP16, all of which are believed to have 
a direct role in transcription (24). When 
examined as isolated peptides, they are dis- 
ordered, but each is induced to form an 
amphipathic a helix by the hydrophobic 
surfaces on heterologous partner proteins. 
In the absence of an interacting partner, the 

Fig. 3. Solvent-accessible surfaces and ribbon diagrams colored by conservation or disruption of corresponding E2 AD amphipathic helix is, 
biological function. This figure compiles data from five groups (76-79) and is therefore presented in contrast, stabilized by the packing of its 
as a qualitative tool. (A) More conserved positions are deeper red. Fewer areas are both exposed and hydrophobic face against the conserved on the back surface. (B) Residues whose mutation disrupts replication are blue, and those 
that substantially lower protein accumulation are colored putty. The accompanying ribbon diagram E2 
shows orientation and internal residues. (C) Similar views as above are colored by effect on protrusions of Ile73 and the nearby Met77, 
transcription (green). alternately a Leu in many variants, remain 
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Fig. 4. The NH,-terrni- 8. R. Li. J. D. Knight. 5. P. Jackson, R. Tjian, M. R. Botchan, 

nal helix showing ef- Cell 65, 493 (1991); B. A. Spalholz, 5. B. Vande Pol, 

fects of Ah mutations P. M. Howley, 1. Virol. 65. 743 (1991). 

on transcription and 9. D. E. Breiding et al.. Mol. Cell. Biol. 17, 7208 (1997). 
10. M. Ptashne and A. Cann. Nature 386. 569 (1997); R. 

replication (22). Stron- Tjian and T. Maniatis, Cell 77, 5 (1994). 
gest effects on tran- 11. C. W. Lehman and M. R. Botchan. Pmc. Natl. Acad. 
scription occur for Sci. U.S.A. 95. 4338 (1998); M. H. Skiadopoulos 
lle73Ala (173A) and and A. A. McBride, 1. Virol. 72. 2079 (1998). 
Gln76Ah (Q76A), leav- 12. E2 constructs were proteolyzed by elastase (Roche. 

ing replication at wild- Indianapolis, IN) at a ratio by weight of 1:100 pro- 

type levels. Glu39Ala tease:E2 for 10 to 120 min. Mass spectrometry and 

(E39A) shows truly di- NH,-terminal sequencing identified protease-resis- 
tant end pdnts. Purification and crystallization de- 

minished replication tails are available at www.sciencemag.org/feature/ 
in the presence of data/991001.shl 
both E l  and E2. Data 13. W. A Hendrickson, Science 254, 51 (1991). 
has been normalized 14. L. Holm and C. Sander, I. Mol. Biol. 233. 123 (1993). 
and expressed as a 15. N. Zou, J. 5. Liu, 5. R. Kuo, T. R. Broker, L. T. Chow, 
percentage of wild- I. Viml. 72. 3436 (1998); C. M. Chiang et al., Pmc. 
type (WT) levels. Natl. Acad. Sci. U.S.A. 89. 5799 (1992). 

16. M. K. Ferguson and M. R. Botchan. I. Virol. 70, 4193 
(1996). 

17. A. Abroi, R. Kurg, M. Ustav, ibid., p. 6169; D. E. 
Breiding, M. J. Crossel. E. J. Androphy. Virology 221, 
34 (19%); J. L Brokaw, M. Blanco, A. A. McBride, 
I. Viml. 70. 23 (1996). 

18. F. Stubenrauch. A. M. Colbert. L A. Laimins, I. Virol. 
72.8115 [igga). 

exposed and could help mediate strong and 
specific intermolecular contacts. 

The diverse roles of E2 mandate that its 
structure, although discrete and ordered, ac- 
commodate requirements for high-affinity in- 
teractions with multiple specificities. These 
need not be conflicting obligations but rather 
may be achieved with a certain degree of 
flexibility. Suppleness at key joints could 
allow contact surfaces to adopt a large num- 
ber of related, but clearly distinguishable, 
topologies. Several regions of E2 might pro- 
vide such pliancy. Exposed loops have rela- 
tively high B factors and the poorest density, 
suggestive of multiple conformations in the 
crystal. A study has implicated AsnIz7 that is 
in one such loop as important for interaction 
with TFIIB (6 ) .  Although well-ordered in this 
structure, conformational flexibility in a 
Pro'06-kinked loop, just COOH-terminal to 
the intempted helical region 2, could allow it 
to regulate access to or modify the shape of 
the large concave cleft. 

What evolutionary forces might distin- 
guish E2 from other eukaryotic activators that 
seem to be less ordered when not in a com- 
plex? We speculate that E2's multiple func- 
tions and, in particular, its major role in 
replication may drive such constraints. E2's 
primary partner, the viral helicase El ,  is sug- 
gested to interact with a relatively large sur- 
face of E2. This observation extends beyond 
the areas included in this structure, as pep- 
tides based on the E2 sequence around Glu39 
are able to block both replication and El-E2 
interaction (25), a correlation also noted in 
several other mutants (19). Ultimately, the 
breadth of such surface contacts may surpass 
that used specifically for transcription. El 
would therefore be expected to supply many 
of the structural constraints on the evolution 
of E2. This selective force is mirrored at the 

genetic level, where the coding regions for El  
and E2 overlap slightly in alternate reading 
frames. As a corollary, the multiple surfaces 
on E2 involved in transcription may be ne- 
cessitated by contact with several partners, 
each of which alone needs only a small sur- 
face. This describes a different pattern of 
constraints than that modeled for the E2-El 
interaction: a different set of evolutionary 
forces that may distinguish such multifunc- 
tional proteins from more dedicated peptides. 
Activators with extremely mosaic patternings 
of small interaction surfaces may be decon- 
strained to the point that structural analysis is 
indeed impossible outside of the context of 
interacting partners (26). It seems likely, 
however, that other eukaryotic enhancer 
binding proteins will have functional con- 
straints similar to those of E2 and will there- 
fore be amenable to structural studies that are 
independent of a more complex framework. 
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The Fourth Dimension of Life: 
Fractal Geometry and 

ha1 e no ob\lous branched anatomy Here 1I.e 
present a more general model, based on the - 
geometry rather than l~ydrodynam~cs of hier- 
arch~cal networlts, that does not require the - 
existence of such explicit structures and that 

Allometric Scaling of Organisms call account for the pervasive quarter-polver 
scaling in biolotrv. - -, 

Geoffrey B. West,ls2* James H. ~ r o w n , ' , ~  Brian J. Enquist2s3 We conjecture that organislns have been 
selected to maximize fitness by maxi~nizing 

Fractal-like networks effectively endow life with an additional fourth spatial 
dimension. This is the origin of quarter-power scaling that is so pervasive in 
biology. Organisms have evolved hierarchical branching networks that termi- 
nate in size-invariant units, such as capillaries, leaves, mitochondria, and oxidase 
molecules. Natural selection has tended to maximize both metabolic capacity, 
by maximizing the scaling of exchange surface areas, and internal efficiency, by 
minimizing the scaling of transport distances and times. These design principles 
are independent of detailed dynamics and explicit models and should apply to 
virtually all organisms. 

Evolutio~l by llah~ral selectioll is one of the example, dia~neters of tree tl-~mlis and aortas 
few universal principles in biology. It has scale as M3tVates of cellular metabolism and 
shaped the struct~~ral and fi~nctional design of heartbeat as blood circulation time 
organis~ns in t\vo important ways. First, it has and life span as and whole-organis~n 
tended to ~nax i~n ize  metabolic capacity, be- metabolic rate as 1M3/< T11e question has beell 

nletabolic capacity, namely. the rate at which 
energy and material resources are taken up 
from the environment and allocated to some 
combination of survival and reproduction. 
This is equivalent to maximizing the scaling 
of whole-organism metabolic rate. B. It fol- 
lo\vs that B is lilnited by the geonletly and 
scaling behavior of the total effective surface 
area. CI ;  across which nutriellts and energy are 
exchanged \vith the extelnal or internal envi- 
ronment. Examples include the total leaf area 
of plants, the area of absorptive gut or capil- 
lary surface area of animals, and the total area 
of mitocl~ondrial inner membranes within 
cells. In general, therefore, B y- u. It is im- 

cause ~netabolis~n produces the energy and why these exponents are lnultiples of 114 portant to distinguish u from the relatively 
materials required to sustain and reproduce rather than 113 as expected on the basis of s1noot11 external surface, or "sltin." enclosing 
life; this has been achieved by increasing conventional Euclidea~l geometric scaling. lnally orgallis111s. \Ve further conjecture that 
surface areas lvl~ere resources are exchanged Recently, we presented a nlodel which natural selectioll has acted to lnaxilnize a 
wit11 the environment. Second, it has tended suggested that the explanatio~l could be found subject to various constraints while maintain- 
to n~axin~ize  internal efficiellcy by reducing in the fractal-like architecture of the hierar- ing a colnpact shape. This is equivalent to 
distances over which materials are transport- chical branching vascular net\vorlts that dis- lnillirnizillg the time and resistance for deliv- 
ed and hence the time required for transport. tribute resources within organisms (2). The ery of resources by minimizing some charac- 
A ful-tl~er consequence of evolution is the in- lnodel accurately predicts scaling exponents teristic length or internal linear distance of 
credible diversity of body sizes, \v11ic11 range that have been nleasured for lnally s t r ~ ~ c t ~ r a l  the hierarchical network. 
over 21 orders of magnitude, fi-om loP" g and fullctional features of ma~nmalian and Broadly speaking, two sets of variables 
(microbes) to 10% (whales). A fundanlelltal plant vascular systems. It is not clear, how- can be used to describe the size and shape of 
problem, therefore, is ho\v exchange surfaces ever. how this model can account for the an organism: a conventiollal Euclidean set 
and transpol.t distances change, or scale, wit11 ubiquitous 314-power scaling of llletabolic describing the external surface, A, ellclosing 
body size. In particular, a longstalldillg question rate in diverse liinds of organisms with their the total volume. V; and a "biological" set 
has been \vhy nletabolic rate scales as the 3:'4- \vide variety of network designs. and espe- describing the i~lternal stl-uchlre, which in- 
power of body mass, M ( I ) .  cially in unicellular algae and protists. which cludes the effective exchange area. 0, and the 

Biological scaling can be described by the 
eqL1atioll = '(1 lVf"; is a Table 1. Examples o f  the biological network variables I ,  a, and v in plant, mammalian, and unicellular 

variable suc11 as lnetabolic rate or life span, svstems, 
YO is a llo~lnalizatioll constant, and LJ is a 
scaling exponent ( I ) .  Whereas Yo varies with variable Plant Mammal  Unicellular 

the trait and type of organism, h cl~aracteris- 
tically takes on a lin~ited n ~ ~ l n b e r  of values, 1 Mean path length f rom root  Mean circulation Mean distance f rom cell 

all of \vhich are simple nlultiples of 114. For t o  leaf, o r  between leaves distance f rom heart t o  surface t o  mitochondria 
capillary, or between and between 
capillaries mitochondria 

a Total  area of leaves; area o f  ~ o t a i  area o f  capillaries; Actual cell surface area; 
'Theoretical Division, MS B285, Los Alamos National absorptive root  surface gut surface area t o ta l  surface area o f  
Laboratory, Los Alamos, NM 87545, USA, 2The Santa mitochondria1 inner 
Fe Institute, 1399 Hyde Park Road, Santa Fe, N M  
87501, USA. 3Department of Biology, University of membranes 

New Mexico, Albuquerque, NM 87131, USA. v Total  wood volume; t o ta l  Total  blood volume; Volume of  cytoplasm 
cell volume to ta l  tissue, or  cell, 
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