
is not surprising; genera are more wide- 
spread than species, having a geographical 
distribution that is the sum of the geograph- 
ic ranges of the component species. 

The nonendemics include a broad array of 
eurytopic taxa, such as bats and carnivores, 
that range widely throughout all macrohab- 
itats. These are core taxa that will be pre- 
served regardless of which macrohabitats are 
conserved. Endemics, however, are more 
common in the more extensive macrohabi- 
tats, the Amazon lowlands and, especially, 
the drylands. These data make it clear that, 
as far as mammal species richness is con- 
cerneds, the tropical rain forest enjoys no 
special advantage. Its diversity comes from 
the same processes that prevail in other 
places ( 19). 

On the basis of these findings, if one 
could choose only a single macrohabitat in 
which to preserve the greatest amount of 
mammalian biodiversity in South America, 
one would work in the largely continuous 
deserts, scrublands, and grasslands. This is 
exactly the converse of the funding, re- 
search, and conservation strategies that have 
been employed to date. The emphasis on 
developing additional lowland rain forest 
parks and reserves may be misguided as far 
as mammals are concerned; a greater 
amount of mammalian diversity would be 
preserved by increasing the number of pro- 
tected areas in the drylands. Unfortunately, 
scientists and the ubiquitous popular media 
have paid scant attention to the need to 
preserve deserts, grasslands, or scrublands. 
These dry areas are very likely far more 
highly threatened than the largely inaccessi- 
ble rain forests of the lowland tropics (7, 8, 
20). 
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Molecular characterization of Helix-Loop-Helix 
Peptides 

A class of regulators of eukaryotic gene expression contains a conserved amino acid 
sequence responsible for protein oligomerization and binding to DNA. This structure 
consists of an arginine- and lysine-rich basic region followed by a helix-loop-helix 
motif, which together mediate specific binding to DNA. Peptides were prepared that 
span this motif in the MyoD protein; in solution, they formed a-helical dimers and 
tetramers. They bound to DNA as dimers and their a-helical content increased on 
binding. Parallel and antiparallel four-helix models of the DNA-bound dimer were 
constructed. Peptides containing disulfide bonds were engineered to test the correct- 
ness of the two models. A disulfide that is compatible with the parallel model promotes 
specific interaction with DNA, whereas a disulfide compatible with the antiparallel 
model abolishes specific binding. Electron paramagnetic resonance (EPR) measure- 
ments of nitroxide-labeled peptides provided intersubunit distance measurements that 
also supported the parallel model. 

I NTERACTIONS BETWEEN DIFFERENT 

members of the "helix-loop-helix" class 
of transcription factors play a key role in 

cell cycle progression and developmental 
gene regulation (1). This motif (2, 3) con- 
tains a dimerization domain consisting of a 
conserved amino acid sequence that is pre- 
dicted to form two amphiphilic a helices 
connected by a more variable loop. Imme- 
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diately NH2-terminal to this sequence is an 
approximately 15-residue basic region; to- 
gether these two units form the b-HLH 
motif (basic region, helix-loop-helix), capa- 
ble of binding specifically to DNA. Al- 
though the name "helix-loop-helix" implies 
a known three-dimensional structure, the 
structure of this motif has not yet been 
determined. Therefore, we studied the con- 
formational properties of MyoD,,,, a bacte- 
rially expressed- peptide spanning residues 
102 to 166 of MyoD (4). 

The ultraviolet (UV) circuIar dichroism 
(CD) spectrum of MyoD,,, depends on 
concentration; the protein undergoes a tran- 
sition from random coil (or aperiodic struc- 
ture) to primarily a-helix in the micromolar 
range. The concentration dependence of the 
ellipticity at 222 nm [(O),,,, a measure of 
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the helical content, (S)] of MyoD, is well an2/dmol fix (0)222 of the monomer and 
described by a monomer-dime equilibrium h e r ,  respectively (6). The value fix the 
with & approximately 5 pM, and values monomer indicates that it is largely unfold- 
of -4,000 deg an2/dmol and -19,000 deg ed; the dimer is predicted to be apptoxi- 

Fb. 2. Computer-generated model of a b-HLH dimer fit to a segment of DNA containing its 
rcwtznition sequence NCANNTGN (here AAACATATCTTT). Thc model was wnstructcd as 
foll&. The Hi's form a coiled-wil(30). H1 from each monomer w& positioned interactively for good 
vackine of hvdro~hobic surfaces. This was followed bv an iterative saies of encmv mkhhtiorn and 
h d v e  &aP& adjustments of interhelical angles a& distances or rotatiom (m"h) of interior side 
chains. The procemuC was repeated undl no improvements in inter-helical padung wdd be achieved. 
Each H1 was then extended in the NH,-temid direction to indude the sequence ofthe basic region. 
The separation between the basic region helices was appropriate for insertion of the helices into the 
major groove of the DNA at the CA and l'G sites. A second iteration of energy mhimizatiorn and 
manual adjustments ofside chain wdomutions resulted in a good interaction between the phosphate 
backbone and the Arg and Lys side chains. The last step was the hertion ofloops, which were modeled 
on, but are not identical to, those of triose phosphate isomaasc residues A226 to A234, wmecring 
helices G and H. A third set of mhimkatiorn and graphic adjustments was neccss?ry to alleviate steric 
in- between the side chains ofthe helices and the backbone ofthe loop region. The calculations 
were carried out with the program AMBER (31) with the united atom tbm field, a dickmic of 5R, 
and a 9.5 A cutoff for the nonbonded interactions. (A) View peqmd~cular to the DNA helical axis. (B) 
View looking down the axis of the wiled coil of the H2 segments. The phosphodicster backbone is 
shown as a solid surfase, the bases are given as a wctor qmsmtation, and the peptide backbone is 
shown as a ribbon. 

mately 54 percent helical, which would be 
expected if the two putative helical regions 
in the HLH motif were indeed a-helical. 
Sedimentation equilibrium ultracentrifuga- 
tion ofthe peptide at concentrations consid- 
erably greater than Kb show that it was 
predominantly tetrameric. Thus, in the ab- 
sence of DNA, peptide dimers can further 
aggregate. Starovasnik and Klevit have also 
observed that this peptide at high concen- 
trations forms tetramers in solution (7). 
Because peptide tetramers were observed 

in solution in the absence of DNA, we 
confirmed earlier repom that MyoD protein 
binds to DNA as a dimer (2,3), by conduct- 
ing electrophoretic mobility shift assays 
(EMSA) with MyoD hgments of &ent 
sizes. This technique has been used to iden- 
tify dimeric, trimeric, and tetrameric DNA- 
protein complexes (8). When a recombinant 
protein fragment spanning residues 101 to 
3 17 of MyoD (9) was mixed with MyoD, 
(5 each) and run on a native gel, only 
three species were observed, even after prior 
incubation ofthe protein and peptide in the 
absence of DNA at 80°C. Thus, MyoD 
binds DNA as a dimer. 

Addition of specific DNA to MyoD, 
leads to a large increase in helical structure, 
reminiscent of that observed when frag- 
ments of leucine zipper proteins bind to 
DNA (10). For instance, (0), of 5 pM 
MyoD is -14,000 deg an2/dmol, which 
increases to -30,000 deg an2/dmol when a 
1.2-fold excess ofa 25-base pair oligonude- 
otide bearing the MyoD binding site is 
present (11). The magnitude of the latter 
value is greater than the maximum valw 
observed at high peptide concentrations 
suggesting that additional portions of the 
peptide become helical upon binding to 
DNA. These data, in conjunction with re- 
ports that the basic region determines DNA 
binding (2), and that h e l i x d e s t a ~ g  mu- 
tations in this region disrupt DNA binding 
(3), suggest that the basic region adopts a 
helical structurt when bound to its target 
sequence. 

To obtain more infbrmation concerning 
the location of helices in the b-HLH motif, 
we examined 24 b-HLH proteins for amino 
acid variability (12) and hydrophobicity 
(Fig. 1A); all of these proteins bind 
CANNTG (where N is any nudeotide) with 
high &ty. Conserved, functionally im- 
portant residues often segregate onto one 
side of an a helix, leading to a periodic 
amngement of c o d  and variable resi- 
dues. The variability p d e  for the b-HLH 
sequences shows a strong 3.6-residue pcrio- 
dicity from the beginning ofthe basic region 
through the end ofthe first predicted helix 
(HI) of the HLH motif. In the aligned 
sequences, there ace no insertions, deletiom, 
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A Coding 
Noncoding 

MyoD MyoD - - 
5 3' 

TA 
GC GC 
GC 
T A *t - -  

@r, 
CG 
AT 

GC GC 
1 

GC 
1 

pep(w) 0 . 1 .  1 0 1 .  ' C . .  . , 0 1 1  1 . 0 . .  1 .  

GC Compet~tor (pg) 1 2 1 2  1 2  1 2  1 2  
T A IIIIIUU 
T A MyoD GCGox GCGred C6lox C6lred 

GC 
CG 
T A R # r l $ e w  

TA m 
sequences having partial twofold rotational 

GC (C2) symmetry; (ii) methylation interfer- 
GC * * ence experiments (13) suggest contacts with 
GC I, 
GC 2 G bases in the major groove; (iii) the mono- 
GC 
GC @ mers in b-HLH hetero-oligomers appear to 
CG a ,  recognize DNA sequences as largely inde- 
T A "9 CG 

I 
z z ~ ~  pendent entities (14); (iv) several HLH 

GC 
AT proteins including Myc protein and Max 
GC ::$: (15) contain an essential leucine zipper im- 

@Oat! mediately COOH-terminal to H2 of the 
AT 
CG- CG HLH motif, suggesting that the COOH- 

CG t 

T A termini of the H 2  helices in these HLH-Zip 
GC ' 
AT proteins must be proximal. 
CG 
CG 

Many b-Zip proteins (basic region, leu- 
- d B r  AT cine zipper) such as GCN4, Fos, and Jun 

T A 3 ' s  
CG share some of these same features. They are 
CG 

3 ' s  I L  3 4 5 6  believed to bind as dimers to symmetric 
11 12 13 14 15 16 DNA sites as coiled-coils with a-helical basic 

Fig. 3. (A) Methyl interference footprinting on the regions projecting into the major groove of 
MCK enhancer obtained with the synthetic MyoD Right site 

MYOD DNA (10, 16). We therefore then devised 
peptide. B1 and B2 refer, respectively, to slngly and . I  + I  4 
doubly bound species. The relevant pomons of the AACACCTG TGCC 

molecular models for the b-HLH motif with 
enhancer fragment with the E box-binding sequences r r L c Z r c G G  broadly similar attributes. The antiparallel 
are enclosed in rectangles. The sequence of the right t t four-helix bundle shown in Fig. 1B ap- 
site E-box is shown enclosed in a rectangle (bottom), t t peared to be a good candidate because it is a 
and G residues where methylation interferes wlth bind- 
ing are indicated by arrows. Fragments of the rat MCK MVOD MyoD 

frequently observed folding motif (17). This 

enhancer were generated from a synthetic modular enhancer construct PM255 (32). Plasmid PM255 places the ends the basic re@0ns On 

was first digested with either Aat I1 or Hind I11 and then treated with ah l ine  phosphatase. A pomon the same side of the bundle within about 12 
of the digested DNA (10 pg) was then partially methylated on G residues by treatment with dimethyl A of one another (the interhelical distance of 
sulfate. Methylated DNA was labeled with [y-3ZP]ATP (adenosine mphosphate) and cut with the ~1 helices), as in leucine zippers, which 
Hind I11 or Aat 11. This generated an enhancer fragment running from the Aat I1 (- 1179) to the Hind position their basic regions within about 
I11 site (-1063) and labeled at either the Aat I1 site (coding strand) or the Hind III site (noncoding 
strand). Gel-purified fragments were used in binding reactions (13), and bound and unbound material lo A. However, certain aspects this strut- 
were separated by electrophoresis on 6% nondenaturing gels. (B) DNA blndiig of reduced and ture seem inconsistent with experiment. For 
oxidized MyoD peptldes. Binding reactions were performed as above on 1 ng of DNA (residues - 1026 instance, the minim- loop length among 
to - 1180 of rat MCK enhancer), with peptide and competitor [poly(dI - dC)] added as indicated. The the known HLH proteins is approximately 
symbols GCGox and C6lox refer to oxidized peptides, and GCGred and C6lred refer to peptides in the 
reduced state; MyoD here refers to the synthetic peptide lacking any cysteine. seven residues, whereas shorter loops could 

bridge H 1  and H2 in the antiparallel four- 
helix bundle model. Also, the leucine zipper 

or strong helix-breaking residues such as Pro profiles are in phase, indicating that the most regions of proteins such as Myc or Max 
or Gly between the basic region and H1, an conserved residues tend to be the most hy- would protrude from the bundle on the 
indication that the basic region might be an drophobic, as is frequently observed in glob- same end as the basic regions, and potential- 
a-helical extension of H1. A second region ular proteins. In contrast, the loop and basic ly interfere with binding to DNA. 
with strong 3.6-residue periodicity compris- regions are both hydrophilic, suggesting that These findings led us to build other, less 
es the second helix (H2) of the HLH motif, they project from the protein surface. well precedented helical models, such as the 
while the loop region is less conserved. The On the basis of the following experimen- pardel four-helix model shown in Fig. 1B. 
hydrophobicity profile (Fig. 1A) shows two tal observations, we next attempted to de- Here the dimer is modeled as two H2 
regions with strong 3.6-residue periodicity, termine how these secondary structural regions associated as coiled-coils and two 
corresponding to H 1  and H2. In these units might be arranged in the DNA-bound extended helices (each comprised of the 
regions, the variability and hydrophobicity dimer. (i) HLH proteins recognize DNA basic and H 1  regions) connected by an 
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Rg. 4. C o r n e n  of first daivadvc X-buld 
EPR spectra of spin-hbded GCG (red line) and 
C61 (grccnlinc)inthCprrwnceofeurssMCK-1 
DNA in fiPzcn solution. Thc additid broaden- 
iaginC61isduetodipolvinteractionbctwccn 
the two spin labels in the dimer and indicates an 
inmspin distvlcc of 18 A (dJd = 0.54). Spectra 
of controls containing -Id eurss of n d -  
bclcdpcptidcwacsimilvtotheGCGspcctrum, 
where dip& interaction is mqpificaat (dJd = 
0.38). 

"overhandn (1 8) loop. This model is exctp 
tiondy well suited to binding to B-form 
DNA (Fig. 2). Each H 1  helix docks against 
the H2-H2 interface, and the basic region 
(shown as a helical extension of H1) fits 
snugly into the major groove of DNA. The 
NH2-terminal ends of both H2 helices are 
positioned with the positive ends of their 
a-helical dipoles direued toward the nega- 
t i d y  charged phosphodiater backbone. 

In order to distinguish between the par- 
allel and antiparallel models, we used a 
didfide cross-linking approach similar to 
that described (19). Peptides were prepared 
that contained a single Cys residue either in 
the middle of the putative loop region 
(GCG), or at the COOH-terminus of H2 
(051) (Fig. 1B). If the parallel four-helix 
model is coma, then the C61 peptide 
should be able to form an intermolecular 
didfide bond with only minor structural 
adjustments. Its Cys was placed at the "a" 
position ofthe coiledioil fonned by the H2 
helices in the parallel four-helix bundle mod- 
el. At this position didfides are easily 
formed and can be slightly s t a b i i  (20). 
However, if the peptides adopted the anti- 
parallel dimer, didfide formation would 
require unwinding of the ends of the H2 
helices. By contrast, an intramolecular disul- 
fide could readily be formed by the GCG 
peptide in the antiparallel model, in which 
the loops are proximal (Fig. 1B). The Cys in 
this peptide was h e r d  near the center of 
loops and is bnked by two Gly residues to 
provide extra flexibility for didfide forma- 
tion. However, didfide bond formation 
between loops in the parallel model would 
greatly disrupt the proposed saucturr. 

To anticipate the intmduaion ofspectro- 
-pic labels and unnatural amino acids, the 

Cysantaining peptides were prepared syn- 
thetically (21). Using a two-column proce- 
dure (21), we pw3ed the Cysiontaining 
peptida to more than 95% purity as as- 

5. 
sesed "Y el-p*y - S W P Y  
(22), amino acid analysis, and analytical 
rcvcrscd-phase high-perhrmance liquid 
chromagraphy (HPLC). To test the activity 
of the peptides prepared by this approach, 
we also synthesized a peptide lacking the 
Cys m&cations (21). The methylation 
interference footprint observed for this pep- 7. 

tide (Fig. 3A) was virmally identical to that 
observed for a longer recombinant MyoD- 
glutathione reductas h i o n  protein (13), 
indicating that the synthetic peptide a m -  
ratdy mimics the larger protein. 

The DNA binding ability of the peptides 
9. 

when reduced or oxidized was deermined 
by electrophoretic mobility shift assays (Fig. lo. 

3B). Reduced GCG peptide and both re- 11. 
duced and oxidized C61 peptides bound 
speci6cally to DNA containing CANNTG, 
whereas the oxidized GCG peptide did not. 
Further, the oxidized C61 peptide bound 
more &ciently than its reduced wunter- 
part. The speci6c DNA b i  activity of 
oxidized GCG could be restored by treat- 12. 
ment with 10 mM dithiothreitol ( D m  
overnight. These d t s  led us to favor the 
parallel four-helix model. 13. 

Additional support for this proposal 14. 
wmes h m  electron paraaqpetic rcso- 
nance (EPR) data. A cysteine-specific ni- 
troxide spin label was attached to the Cys 
residues in C61 or GCG (23, 24). The 
derivatizcd peptides were mixed with the 16. 
oligonucleotide used in the CD expexhents 

17. (ll), and the EPR spectra were recorded at 
177°K (Fig. 4). Dipolar interactions be- 18. 
t w m  spin labels are dected by the inten- 

19. sity ratio d,/d (Fig. 4). Significant dipolar 
interaction was observed with the spin labels 
atta&ed to the COOH-tamini, suggesting a U). 

dhance of less than 20 A between the un- 21. 
pairrd electrons (25). No dipolar heraction 
wasobservedforthederivatizcdGCGpep 
tide,indicatingaseparationgreaterthan35 A 
when the spin label was am&d to the loops. 
Measurements at 298 K show qualiratidy 
the same results; however, a quantitative dis- 
tance de temhion is diflicult at this temper- 
ature. Again, the forcgoii data are most 
conshmt with the pallel four-helix model. 
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A Freeze-Frame View of Eukaryotic Transcription 
During Elongation and Capping of Nascent mRNA 

Ribonuclease footprinting of nascent messenger RNA within ternary complexes of 
vaccinia RNA polymerase revealed an RNA binding site that encompasses an 18- 
nucleotide RNA segment. The dimensions of the binding site did not change as the 
polymerase moved along the template. Capping of the 5' end of the RNA was 
cotranscriptional and was confined to nascent chains 31 nucleotides or greater in 
length. Purified capping enzyme formed a binary complex with RNA polymerase in 
solution in the absence of nucleic acid. These findings suggest a mechanism for 
cotranscriptional establishment of messenger RNA identity in eukaryotes. 

T HE PRODUCT~ON OF MRNA w EU- 

karyotic cells is regulated at multiple 
steps (1). A key regulatory target 

during transcription elongation and termi- 
nation is the nascent mRNA chain, whose 
structure and sequence can be "sensed" by 
the ternary complex at distal sites on the 
template. Transduction of nascent RNA sig- 
nals to the elongating polymerase may re- 
quire the participation of accessory proteins 
that interact with the RNA, the polymerase, 
or both (2). Nascent chains are also the 
substrates for processing enzymes that cap, 
splice, cleave, and polyadenylate the mRNA 
precursor. How these proteins identify pre- 
mRNAs among other classes of transcripts is 
unknown. The mRNA identity may be es- 
tablished by recognition of the RNA poly- 
merase I1 elongation apparatus or may be 
conferred upon the nascent RNA, perhaps 
through an RNA polymerase 11-specific 
modification. 

Program in Molecular Biology, Sloan-Kettering Insti- 
tute, New York, NY 10021. 

The question of how nascent mRNA in- 
teracts with the elongating transcription ap- 
paratus and with the RNA modifying en- 
zymes can be most effectively approached in 
an in vitro system that mimics the process in 
vivo and is sufficiently pure to permit ma- 
nipulation of the individual components. A 
model system that meets these criteria is 
provided by vaccinia virus. Vaccinia, which 
replicates in the cytoplasm of mammalian 
cells, encapsidates within the virion all the 
enzymes required for the synthesis of early 
mRNAs, including a virus-encoded mul- 
tisubunit RNA polymerase with structural 
and functional similarity to cellular RNA 
polymerase I1 (3). Faithful synthesis of early 
mRNAs can be recapitulated in vitro on 
exogenous DNA templates with enzymes 
purified from virus particles (4, 5 ) .  Initiation 
and elongation of RNA chains require the 
vaccinia RNA polymerase and a vaccinia 
early transcription factor (VETF) that binds 
to the promoter. VETF is a heterodimer of 
80-kD and 70-kD subunits, has intrinsic 
DNA-dependent adenosine triphosphatase 

(ATPase) activity (5 ) ,  and is the functional 
equivalent of the several RNA polymerase I1 
!general transcription factors (1): Termina- 
uon of early transcription requires a cis- 
acting sequence UUUUUNU in the nascent 
RNA strand (6)  and a vaccinia-encoded 
termination factor (VTF) that is identical to 
the vaccinia mRNA capping enzyme (4, 7). 
Capping enzyme, a heterodimer of 95-kD 
and 31-kD subunits. is a multifunctional 
protein that catalyzes three separate reac- 
tions leading to the synthesis of a m7GpppN 
RNA terminus (8). 

The finding that capping enzyme is in- 
volved both proximally (in capping) and dis- 
tally (in 3' end formation) raises questions 
about the timing of its interaction with the 
ternary complex. We addressed this issue by 
examining the structure of nascent RNA con- 
tained within ternary transcription complexes 
assembled in vitro. We took advantage of a 
series of DNA templates that allowed us to 
pause the elongating polymerase at discrete 
positions downstream of the major transcrip- 
tion initiation site (Table 1). These templates 
are named according to the position of the 
first G residue in the transcript (Gn). Pausing 
could be restricted to a single template posi- 
tion (Gn) by inclusion of 3'-0-methyl gua- 
nosine triphosphate (GTP) in the reactions 
(Fig. 1, pulse lanes P). The Gl8,  G21, and 
G27 templates yielded a single major [32P]~y- 
tidine phosphate (CMP)-labeled transcript n 
bases long; minor species of apparent length 
n+2 and n+3 are 3' coterminal with the 
major RNA but arose via initiation at the 
-2U and -3U positions of the template (9). 
The major doublet RNAs transcribed from 
G3 1, G34, and G5 1 templates are 3 ' cotermi- 
nal but differed in the state of 5' terminal 
modification. 

The integrity of the ternary complexes 
containing pulse-labeled, 3'-0-methyl gua- 
nosine phosphate (3'0MeGMP)-paused 
transcripts was confirmed by the ability of 
these RNAs to be elongated during a 
"chase" in the presence of GTP (10). Addi- 
tion of excess GTP to the 3'0MeGMP- 
paused ternary complexes allowed nearly 
quantitative elongation to the end of each 
linear template (Fig. 1, chase lanes C). Re- 
versal of the elongation block was a result of 
pyrophosphorolytic removal of 3'OMe- 
GMP and incorporation of GTP during the 
chase (9, 11). Some minor short species that 
were not elongated represented abortive 
transcripts. The analysis of active ternary 
complexes as they move away from the 
promoter provides a "freeze-frame" view of 
transcription elongation. 

To study the interaction of nascent RNA 
with the transcriptional apparatus, we treat- 
ed discretely paused ternary complexes con- 
taining [32P]CMP-transcripts with increas- 

21 FEBRUARY 1992 REPORTS 983 




