
REFERENCESANDNOTES 

1 J F Tull, Geol. Soc. Am. Spec. Pap 191 (1982), 
p. 3 and G. M Guthrie, Aia. Geol. Soc. 
Guideb. Annu Field Trip 22, 1 (1 985). 

2 J F. Tull et a/.. Geol. Soc. Am. Buli. 100, 1291 
(1 988) 

3. C Butts, in Geology ofAlabama, G. I. Adams, C. 
Butts, L. W. Stephenson, W. Cooke, Eds. (Geo- 
logical Survey of Alabama, Tuscaloosa, 1926). 

4. T. J. Carrlngton, Aia. Geol. Soc. Guideb. Annu. 
Fieid Trip 11, 1 (1973): D. E. Sutley, thesis, Uni- 
versity of Alabama (1977). 

5. The Erin was ass~gned originally a Carboniferous 
age (probably Pennsylvanian) on the basis of 
permineralized lycopsid (club moss) cones re- 
ported in the early twent~eth century to have been 
recovered in the slates near the home of Joshua 
Franklin. E A. Smith [Science 18, 244 (1903)l 
stated that "The general proportions and aspect 
of the cones are suggestive of some of the Car- 
boniferous forms' : W E Prouty [Pan Am. Geoi. 
37, 365 (1922)l remarked that specimens identl- 
fied "by Dav~d White proved without question the 
late Paleozoic and probable Carbonic age", D 
White [commun~cation to C. Butts In ( 3 ) ,  p. 2191, 
ass~gned "all probability of Carbon~ferous and 
probably of Pennsylvanian age' ; R A. Gastaldo 
and R. B. Cook [Geol. Soc. Am. Spec. Pap 191 
(1982), p 691 concurred with the Carboniferous 
age ass~gnment because of the level of strob~lar 
development exhibited by the lycopsid cones. 

6. J F. Tull, In The Caiedonides in the USA, D. R. 
Wones, Ed. (Department of Geological Sciences, 
V~rginia Polytechnic Institute and State University, 
Blacksburg. 1980). pp 167-177, G M Guthr~e. 
Aia. Geol. Sun/ Bull 131, 1 (1 989); ibid , in press. 

7 S. A. Kish, Geoiogy 18 650 (1990). 
8. J. W. Mies, Aia. Geoi Sun/ Buil 148, 1 (1992), G. 

M. Guthrie, unpublished data 
9 W. E. Osborne, M. W Szabo, T. L. Neathery, C W. 

Copeland Jr Ala. Geol. Sun/ Spec. Map 220 
(1 988) 

10. J. F Tull et ai., Geoi. Soc Am Abstr Programs 
21, 342 (1 989) 

11. Collection 121388 was made on 13 December 
1988 by R. B Cook and graduate students. 
Specimen 121388.1 was collected by T M 
Demko from the type sectlon of the Erin Slate on 
the north side of the railroad cut (NEII4, NW114, 
sec. 28 TISS, R7E, Clairmont Spr~ngs 7.5-min 
quadrangle] Collect~ons 61091 to 61291 were 
made between 10 to 12 June 1991 by R A 
Gastaldo and G. M. Guthrie from the same out- 
crop and from float exposed in a field to the east 
of the improved road [E1/2, SW114, sec. 21, T19S, 
R7E, Clairmont Spr~ngs 7.5-m~n Quadrangle] 
Specimen 61091.35 was collected by R A 
Gastaldo from the type section of the Erln, located 
above. Collection 7991 was made on 9 July 1991 
by R. A. Gastaldo M. Sm~th, and M Ebbert from 
the field east of the road, located above 

12. Samples of organic-rich ell~ptical-elongate struc- 
tures and carbonaceous r~nds of permineralized 
plant fossils were analyzed by Rock-Eval pyroly- 
SIS at the lnst~tut Fran~ais du Petrole (IFP nos. 
121388.1 and 121388.16: A. Y Huc. written com- 
munication) 

13 Low-grade metamorphism results In organlc mat- 
ter w~ th  high contrast Therefore, photographs 
were made w~th Kodak TMax film and a 50-mm 
macroscopic lens fitted wlth varlous black and 
white filters on an Olympus OM-I camera. Spec- 
imens, glass side up, were ~llum~nated with a 
True-V~ew Light Box (Logan Specialty) located 
beneath 

14. F. Unger, Kongl Akad. Wiss. Wien. Denkschr 11, 
139 (1856), C. B. Beck, Am J. Bot. 65, 221 
(1 978); D H. Scott and E C Jeffrey, Phiios. Trans. 
R. Soc London Ser B. 205, 315 (1914) J. Galtier, 
written commun~cation, F. Hueber, written com- 
munication. Detailed specimen descriptions can 
be found in R A Gastaldo, J. Paleontoi., In press. 

15. C. B. Read, J. Paieontoi 10, 21 5 (1 936) A T 
Cross and J. H. Hosk~ns, ibid. 25, 713 (1951), J. E. 
Conkin and B. M. Conkln, In Devonian-Mississip- 

pian Boundary in Southern Indiana and Northwest- 
ern Kentucky, J. E. Conk~n and B. M. Conk~n, Eds. 
(9th International Congress of Carboniferous Geolo- 
gy and Strat~graphy, Urbana IL, 1979) F. Ettensohn 
etai., in Devonian of the World, N. J McMillan, A. F. 
Embry, D. J Glass, Eds (Canadian Society of Pe- 
troleum Geology, Calgary, 1988), pp. 32%345; T. L. 
Robl and L. S. Barron, ibid, pp. 377392 

16. J. Galtier and B Meyer-Berthaud, Palaeontogr. 
Abt. B 213. 1 i l989\. 

17. , N P ROW,  our. Forsch, inst. Sencken- 
berg 100, 109 (1 988). 

18. G. M. Guthrie and D. E. Raymond, Ala. Geol. Sun/. 
Buli. 150, 1 (1 992) 

19. Kish (7) reported K-Ar ages that range from 425 to 
322 mill~on years ago (Ma). To arrive at a Devonian 
age for regional metamorphism he calculated an 
average age of 399 ? 17 Ma uslng all but the 
youngest age (329 ? 7 Ma) determ~nation He then 
argued that because the cleavage-forming event 
affected rocks containing Early Devonlan fossils, it 
must be of at least Early Devonian age. The acqui- 
sltion of spurious conventional K-Ar ages on slates 
has been well documented (R. P. W~ntsch, M. J. 
Kunk, J B. Epstein, Am. J Sci., in press) and may 
be the result of extraneous fractions of argon 
trapped In crystals or the ~ncorporation of detrital or 
diagenetic gralns or one or more generations of 
white mica that formed from one or more cleavage- 
forming assemblages. 

20. R Unrug and S Unrug, Geoi. Soc. Am. Abst. 
Programs 18, 1041 (1 990). 

21. , S L. Palmes, in Studies of Precambrian 
and Paleozoic Stratigraphy in the Western Biue 
Ridge, S A. K~sh, Ed. (Carolina Geological Soci- 
ety, 1991), pp. 27-38. 

22 T W. Broadhead, R. D. Hatcher Jr J 0. Costello, 
ibid., pp. 39-44. D Walker and N. Rast ibid., pp 
44-56. 

23. R D. Dallmeyer, J. E. Wright, D. T. Secor, A. W. 
Snoke, Geoi. Soc. Am. Buli. 97, 1329 (1986); J. 
W Horton, J F Sutter T W Stern, D. J. Milton, 
Am. J. Sci. 287, 635 (1 987). 

24. M. G. Steltenpohl, S. A. Goldberg, T. B. Hanley, 
M J. Kunk, GeoIogy20, 845 (1992); M. G. Stelten- 
pohl and M. J. Kunk, Geol. Soc. Am. Buli. 105,819 
(1 993). 

25. M. W. Higgins and I. Zietz, Geoi. Soc. Am Mem. 
158, 125 (1983): H Williams and R. D. Hatcher 
Jr., Geoiogy 10, 530 (1982); Geol. Soc. Am. 
Mem. 158. 33 119831: J W. Horton. I. Z~etz. T. L 
Neathery, ~ e o j o g ~  i2 ,  51 (1984). 

26. R. D. Dallmeyer, Am. J. Sci. 289, 812 (1989). 
27. K D. Nelson etal., Geology 13, 714 (1985) F. A 

Cook, L. Brown, J. E. Ol~ver, T. Petersen, Geoi. 
Soc. Am. Buli. 92 161 (1981). 

28. D. T. Secor, A. W. Snoke, R. D. Dallmeyer, Geoi. 
Soc. Am. Buii. 97, 1345 (1986); R D. Hatcher 
Jr , W. A. Thomas, G Viele, The Appala- 
chian-Ouachita Orogen in the United States 
(Geolog~cal Society of America Boulder CO, 
1990) 

29. R. D Hatcher Jr., Annu. Rev. Earth Planet. Sci. 15, 
237 (1987), J. W. Horton Jr,, A, A. Drake Jr., D. W. 
Rank~n, Geoi. Soc. Am. Spec. Pap 230 (1 989), p .  
21 3 

30. Supported by Nat~onal Science Foundat~on grant 
EAR 9019286 (R.A.G.) and American Chem~cal 
Soclety, Petroleum Research Fund, grant 23762- 
GB2 (M.G.S.). 

25 May 1993; accepted 1 September 1993 

Structure at 2.5 A of a Designed Peptide That 
Maintains Solubility of Membrane Proteins 

Christian E. Schafmeister,* Larry J. W. Miercke, Robert M. Stroud 
A 24-amino acid peptide designed to solubilize integral membrane proteins has been 
synthesized. The design was for an amphipathic a helix with a "flat" hydrophobic surface 
that would interact with a transmembrane protein as adetergent. When mixed with peptide, 
85 percent of bacteriorhodopsin and 60 percent of rhodopsin remained in solution over a 
period of 2 days in their native forms. The crystal structure of peptide alone showed it to 
form an antiparallel four-helix bundle in which monomers interact, flat surface to flat 
surface, as predicted. 

T h e  structures of integral membrane pro- 
teins are of interest to the field of structural 
biology, but they have been less than ame- 
nable for determination by x-ray crystallog- 
raphy. Crystals of at least 20 membrane 
proteins have been obtained ( I ) ,  but in only 
a few cases have the crystals been of suitable 
quality to permit the resolution of atomic 
structure (2). With the hypothesis that 
small-molecule detergents, as required to 
solubilize membrane proteins, are in some 
way responsible for the disorder within the 
crystals ( 3 ) ,  we attempted to design homo- 
geneous peptides as detergents, "peptiter- 
gents" that would lead to a more homoge- 
neous, well-ordered complex for crystallog- 
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raphy. Peptitergents are amphipathic pep- 
tides designed to sequester the hydrophobic 
membrane-spanning region of membrane 
proteins by packing around the protein in a 
rigid, well-ordered, parallel a-helical ar- 
rangement. The first peptitergent, PD1, was 
designed, synthesized, and crystallized by 
itself and found to form an anti~arallel four- 
helix bundle, a structure that is of interest 
from the point of view of de novo protein 
design. It also interacted with the integral 
membrane proteins bacteriorhodopsin and 
rhodopsin to maintain the majority of pro- 
tein in solution for several days (Fig. 1). In 
contrast, PD1 did not maintain PhoE porin 
solubility. 

The peptide was designed as a 24-residue 
amphipathic a helix (Fig. 2) with a hydro- 
phobic surface 30 A in length, long enough 
to traverse the membrane-spanning region 
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of an integral membrane protein. The 
hydrophobic surface was designed with 
alanines projecting from the center and 
leucines from the sides to form a wide, flat 
face that would ~ e r m i t  interaction with 
the various surfaces of a transmembrane 
t rote in. The leucines were l laced to allow 
them to interact with leucines on other 
PD, helices through hydrophobic con- 
tacts. Glutamic acid and lysine were used 
in an attempt to form salt bridges at the 
helix termini that would stabilize the helix 
termini; the salt bridges were designed to 
be at positions i and i + 4 and to be 
oriented so as to stabilize the helix dipole 
(4). The helix termini were capped by 
acetylation of the amino terminus and 
conversion of the carboxy terminus to an 

amide to neutralize the potentially desta- 
bilizing terminal charges that would inter- 
act unfavorably with the helix dipole (5). 
Further stabilization of the helix dipole 
was attempted by the assignment of a 
glutamate as the second residue and a 
lvsine as the second to last residue. Glu- 
tamine was used to fill the remaining 
positions on the hydrophilic face because 
of its hydrophilicity and helix-forming 
propensity (6). No aromatic residues were 
included because they are too bulky and 
hydrophobic. 

The association of amphipathic helices to 
sequester hydrophobic groups from solvent is 
a feature of manv natural helical coiled coils 
and four-helix bundles (7). Several groups 
have taken advantage of this phenomenon 

Fig. 1. Percent solub~l~zation of (A) bacteri- 105 
orhodopsln (BR) and (B) rhodopsin (Rho) by the 
peptltergent PD,. For PD, samples, concentrat- 95 
ed protein was added to dry peptide (100:l 8 molar ratio of PD, to protein) with stlrring fol- 
lowed by the addition of buffer to obtain 100-fold gas 
dilution. All samples were prepared and stored 2 
at 4°C. Extent of solub~l~zation was determined 2 75 
by an assay of total protein concentration (un- 
filled symbols) and by optical density (filled 65 
symbols) at 500 nm for Rho and 550 nm for BR 
after ultracentrifugation (60 min at 219,000g). 
Total protein was determined by a Lowry assay 
in the presence of SDS (22) wlth the following 
changes: sample volume was 0.1 ml, 1.0 ml of - 95 
reagent C (22) was added followed by addltlon 
of 0.1 ml of dilute phenol reagent. (A) Concen- 28s 
trated, delipidated BR: 5 mg per milliliter of 
solution in 18 mM nonyl-glucoside (NG) (23), $ 75 
diluted 100-fold with BR buffer (5 mM sodium 2 
acetate, pH 5) in the presence of PD, (triangles) a 65 
or with BR buffer containing 18 mM NG (circles). 
(B) Concentrated Rho: 3 mglml in 10 mM lau- 
ryldimethylamine oxide (LDAO), diluted with Rho 55 -5 5 15 25 35 45 55 
buffer (10 mM potassium phosphate, pH 7) in the Time (hours) 
presence of PD, (triangles) or with Rho buffer 
containing 10 mM LDAO (squares). The Rho-LDAO mixed micelles were prepared by concanavalin 
A affinity chromatography (24) with the following modifications: rod outer segments (26 mg of 
Rho/ml) was solubilized in 200 mM CHAPS0 and chromatographed using 16 mM CHAPSO. 
CHAPS0 was exchanged for LDAO by multiple high-pressure ultrafiltration steps (23), concentrat- 
ed to -10 mglml and dialyzed for 7 days against 10 mM LDAO, 50 mM KPO,, pH 7. 

Fia. 2. Illustrative helical net dia- Capped termini 

of the peptide sequence. 
The sequence reads NH,- to 
COOH-terminus up the page to 
correspond to the orientation of 
helix I in other figures. The pep- 
tide sequence was synthesized 
with t-Boc (t-Butoxycarbonyl pro- 
tection) chemistry on an ABI 431A 
solid-phase peptide synthesizer 
at standard scale (0 5-mmol res- 
in). Purification was done on a 
Vydac C,, (300 A pore, 5-pm 
particles) reverse phase column. 
Mass sDectroscow showed the 

neutralize 

estabilize helix 

Hydrophilic face of 

Charged residues 
at termini stabilize 
helix dipole 

correct 'molecular ion peak at 2819 Circular dichroism showed the peptlde to have a-helical 
structure ( [ O ] , , ,  = -10,200 cm deg-l mol-l at less than 600 kM, 20% pH 7.0). The solubility IS 

greater than 10 mg per milliliter of water 

to construct helical bundles as a first step 
along the path to de novo designed proteins 
(8, 9). It is this association between hydro- 
phobic surfaces on helices that we exploited 
for association of peptitergents with trans- 
membrane surfaces on membrane proteins 
and of peptitergent monomers with them- 
selves. In solution, the PD, monomers were 
expected to dimerize flat surface to flat sur- 
face to bury the maximum hydrophobic sur- 
face area. The dimerization was expected to 
be antiparallel because the electrostatic in- 
teraction of the helix dipoles could dominate 
the overall interaction in the absence of 
"knobs into holes" packing. The dimers 
were expected to associate side to side 
through hydrophobic contacts of interdigi- 
tating leucines to form larger aggregates. 
These expectations were borne out by the 
x-ray crystal structure. 

The structure of PD, was determined by 
molecular replacement (Tables 1 and 2). A 
Fourier transform of the intensities showed 
a strong peak, one-quarter of the height of 
the origin peak, at 5.2 2 0.2 A along the 
crystallographic c axis; this is characteristic 
of a-helical structure and indicated that 
helices are oriented with their long axes 
nearly parallel to the c axis (1 0). Molecular 
replacement was applied with a single, 24- 
residue polyalanine a helix as the search 
molecule. For the best orientation of the 
search helix, difference density maps re- 
vealed peaks for several fully occupied leu- 
cines. Of the 20 nonalanine side chains, 16 
were built during 16 cycles of model build- 
ing and difference map refinement (1 1), 
revealing the details of the hydrophobic 
core, crystal contacts, and several ordered 
glutamines near hydrophobic residues. The 
structure was refined to 3.0 A resolution to 
an Rf ,,,,, of 19.6% and to 2.5 A with an 

Table 1. Crystallization and data-collection 
parameters. Crystallization of PD, occurs at 
room temperature in 45 to 60% saturated 
ammonium sulphate, a 5.5 mglml solution of 
PD,, and 0.1 M tris (pH 7.5) in hanging drops 
by vapor diffusion. There are two crystal 
forms: the more common long hexagonal rods 
(form I), 400 k m  by 75 pm, and large, irregular 
crystals (form II), 1.5 mm by 500 p m  Form I 
crystals dissolve easily, presumably because 
of temperature fluctuations; thus, image plate 
data were collected with form II crystals on a 
Rigaku Raxis IIC. 

Parameter Value 

Observations (no.) 14,611 
Unlque observations F > 2u (no.) 1,186 
Unique observations F > 4u (no.) 829 
Overall completeness (%) 97 
R m e r ~ e *  5.8 

* R  ,,,,, = (TI/, - ( l , ) ~ ) / ~ l l , ~ ,  where (I,) is an average of 
I, over all symmetry related reflections. 
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R,,,,, of 2 1 .O% with 90% of the atoms built 
into density (Table 2). Simulated anneal- 
ing omit maps of the leucine side chains 
invariably produced density peaks with a 
difference greater than 3 u  at the expected 
sites (Fig. 3). 

The left-handed super-coiled PD, four- 
helix bundle is formed bv the single helix 
and three others related by 222 sykmetry. 
The bundle is about 35 A by 20 A (Fig. 4A) 
with the long dimension of the bundle lying 
parallel to the crystallographic c axis. The 
interface between helices I and I1 (and I11 

Table 2. Refinement and refinement statistics. 
The determination of the crystal structure was 
achieved by molecular replacement, starting 
with a model of a 24-residue polyalanine CY 

helix. All calculations and searches were done 
with X-PLOR (21). There is one peptide per 
asymmetric unit. A rotation search generated 
40 solutions, which were all nearly coaxial, 
rotated away from the c axis by about 13". The 
rotation solutions were subjected to rigid-body 
refinement, and the best solution was subject- 
ed to four translation searches; two space 
groups were searched, R,22 and R422, each 
with the two orientations of helix up and helix 
down. Each translation search generated a 
single cluster of solutions within 1% of the 
volume of the unit cell. The top 200 solutions of 
each search were subjected to rigid-body re- 
finement and used for finer searches around 
the helix axis that located the lowest 
solution of 47% in space group P6,22, Initial 
difference density maps showed positive peaks 
greater than 30, which were interpreted as 
leucines number 4, 8, and 21. Data to 3.0 A was 
used, and a random 10% of the diffraction data 
were set aside to calculate Rfree (25). Sixteen 
iterative cycles of adjustment against the differ- 
ence maps (11) were carried out with CHAIN 
(26). Finally, 50 cycles of positional refinement 
and refinement of group Bfactors (one Bfactor 
for each residue main chain and another for 
each side chain) were performed, which re- 
duced the RfaC,,,* from 49.1 to 19.6% and R,,,, 
from 42.5 to 26.0% for data between 7.5 and 
3.0 8, (RfaCt,,* of 21 .O% and an R,,,, of 25.9% for 
data from 7.5 to 2.5 A). One 30 peak in the 
difference maps that persisted through several 
cycles of refinement and was within 3.0 A of 
three hydrogen-bonding groups was interpret- 
ed as an ordered water molecule. Simulated 
annealing from 4000 to 300 K in 150 steps 
following omission of individual side chains 
produced appropriate positive difference den- 
sity peaks at the expected sites providing con- 
formation of their location. 

Refinement parameter Value 

Reflections (no.) 98 1 
Parameters (no.) 582 
Protein atoms included (no.) 178 
Protein atoms missing (no.) 20 
Waters added (no.) 1 
Root-mean-square deviations 

from ideal 
bond lengths (A) 0.02 
bond angles (degrees) 2.8 
torsions (degrees) 18.8 

"R,aclor = ('IFobs - Fcalc~)l'IFobs~ 

and IV) is the contact between the flat 
surface of helix I and the flat surface of helix 
11. with a helix-axis se~aration of 9.0 A and 
a crossing angle of -20". The interface 
between helices I and IV (and I1 and 111) is 
through interdigitating leucines (Fig. 4B) 
and is characterized by a helix-axis separa- 
tion of 10.1 A and a crossing angle of - 18". 
The PD, helix has two sides, described by 
the seauence numbers of the leucines Dro- 
jecting from each side. Leucines 4, 8, and 
15 are on the side that is buried within the 
core of the four-helix bundle and that forms 
the interdigitating leucine-helix contacts. 
Leucines 3, 14, and 21 are on the outside of 
the bundle; leucines 3 and 21 are buried 
within the crvstal contact between the bun- 
dles, and leucine 14 is partially exposed to 
solvent and partially buried by the ordered 
glutamine 10. At the center of the bundle 
there is a hydrophobic cavity with a volume 
of -60 A3 that does not contain electron 
density for solvent (1 2). 

The average B factor for all atoms built 
into electron density on residues 3 through 
21 is 68 A2; alanine 11 has the lowest B 
factor of 29 A2. These values are unusually 
high; however, they are entirely consistent 
with the overall Wilson B factor of 76 AZ 
for the data, indicative of thermal and 
positional disorder within the crystal. In 
the context of the average B factor of 68 
A2, the electron content of side chains with 
high B factors on this order are still seen 
unequivocally with full occupancy (1 1). 
There is no direct evidence for the forma- 
tion of the salt bridges that were designed to 
stabilize the termini and helix dipole; the 
lvsine side chains were too disordered to see 
in density maps. The first two and last three 
residues were disordered and their group B 
factors were much larger than the average, 
suggesting that the termini are partially 

Fig. 3. FoI - F c  simulated annealing omit map 
of leucines 14 and 15. Leucine side-chain oc- 
cupancies were set to zero and the model was 
slowly cooled from 4000 to 300 K in 150 steps. 
The map is contoured at 30. 
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unraveled. Positive difference density could 
be seen for all glutamine side chains that 
protrude directly into solvent; however, 
there often was no single rotamer that best 
fit the density. These side chains had group 
B factors that refined to values greater than 
100 A2, indicating that they occupy several 
conformations. Leucines and alanines with- 
in the hydrophobic core had very clear 
density and had group B factors that refined 
to relatively lower values. Essentially, the 
bundle appears to be ordered around the 
hydrophobic core. 

The PD, four-helix bundle shares features 
with natural four-helix bundles; the crossing 
angle of -20" is characteristic of the type I11 
helix interaction (13) seen in the proteins 
hemerythrin and cytochrome c' (7, 14). 
This crossing angle is reminiscent of a 
coiled-coil structure; however, the PD, hel- 
ices are straight and have 3.6 residues per 
helical turn. This crossing angle is also seen 
in the synthetic three-helix bundle of anoth- 
er designed ct helix, named "coil-Ser" (9). 
The total surface area buried within the PD, 
bundle is about 4200 A2 (1 5 ) ,  - 1050 A2 per 
helix. This is comparable to the -1300 A2 
of surface for each helix that is buried within 
the coil-Ser three-helix bundle, although 
the coil-Ser hydrophobic surface is about 
one helix turn longer. 

The primary goal is to solvate integral 
membrane proteins for crystallization. The 
integral membrane proteins bacteriorhodop- 
sin (BR) (16) and bovine rhodopsin (Rho) 
(1 7) are good systems for a test of solubiliza- 
tion because the visible absorption spectra 
associated with the bound chromophore reti- 
nal are especially sensitive to their environ- 
ment and allow quantitation. To test the 
solubility properties of membrane proteins by 
PD,, we diluted purified BR in nonyl-gluco- 
side (NG) and purified Rho in lauryldimeth- 
ylamine oxide (LDAO) so that the detergent 
concentrations were less than 1/20 of their 
critical micellar concentrations (CMC) ; dilu- 
tion was followed by ultracentrifugation. This 
was done both in the absence of PD,, where 
the protein is 100% insoluble, and in the 
presence of PD, as follows. Delipidated BR 
solubilized in 18 mM NG, diluted to a final 
concentration of 180 pM NG in the presence 
of a final concentration of 200 pM PD, (PD, 
monomer to BR ratio of 100:1), gave an 
initial loss of less than 15% insoluble protein 
with no further loss after 2 days (Fig. 1A). 
When Rho in 10 mM LDAO was diluted 
with PD, identically to BR above, Rho slowly 
precipitated leaving about 60% soluble after 2 
days (Fig. 1B). PD, must maintain complete 
stability of both these retinal-containing pro- 
teins because all protein remaining in solution 
was correctly folded, as shown by the optical 
density of the bound retinal (Fig. 1). Further- 
more, there is no change in tertiary structure; 
in the presence of PD, or detergent, the 



Fig. 4. Structure of the PD, four-helix bundle. 
(A) Four-helix bundle side view. The NH,-termi- 
nus is red and the COOH- terminus is blue (9). 
The helices are labeled I ,  11,  I l l ,  and IV to 
correspond to the descriptions in the discus- 
sion. (B) Cut-away side view of helices I and IV. 
View from within the hydrophobic core. Helices 
I I  and I l l  have been removed to reveal the flat 
surface formed by each helix and the interdig- 
itating leucines between helices I and IV. On 
helix I ,  from bottom to top, the interdigitating 
residues are leucines 4, 8, and 15. (C) 21FJ - 
IF,/ map for the entire helix. All of the density for 
helix I ,  seen from within the hydrophobic core. 
The map was contoured at 1.50. 

visible absorption spectra are identical. The 
final concentration of NG and LDAO was 
about 1/36 and 1/22 of their CMC values, 
respectively [NG CMC = 6.5 mM (la), 
LDAO CMC = 2.2 mM (1 9)]. When diluted 
without detergent or PD,, both proteins gave 
100% precipitation. In contrast, PhoE porin 
(20) in 50 mM octyl glucoside completely 
precipitated when diluted with PD, or with 
buffer, without detergent. Thus, not all mem- 
brane proteins are solubilized by this particular 
peptide design. Porin is an all+ sheet stxuc- 
ture, whereas BR and Rho are all helical and 
may thus interact differently. 

Peptitergents can be redesigned, synthe- 
sized, and tested for individual solubilization 
properties tailored to particular membrane 
proteins. Their homogeneity and the varia- 
tion in their properties possible through se- 
quence variation may make them novel alter- 
natives to small-molecule detergents for the 
solubilization and crystallization of integral 
membrane proteins. 
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Analysis of a Nucleoprotein Complex: The 
Synaptosome of yS Resolvase 

Nigel D. F. Grindley 
The y8 resolvase protein is one of a large family of transposon-encoded site-specific 
recombinases. It performs recombination in a DNA-protein complex that contains 12 
resolvase protomers and two copies of the 120-base pair DNA substrate, res (each with 
three binding sites for a resolvase dimer). A derivative of resolvase with altered DNA 
binding specificity was used to show that the role of resolvase at site I, which contains the 
crossover point, differs from its role at the other two binding sites. The resolvase dimers 
that initially bind to site I are the only ones that require the residue SerIo, essential for 
catalysis of DNA breakage. In addition, these site I-bound dimers do not use a specific 
interaction between dimers that is required elsewhere in the complex for synapsis of the 
res sites. 

Large protein-DNA assemblies participate 
in DNA transactions such as transposition, 
site-specific recombination, and the initia- 
tion of replication ( I ) .  The DNA substrates 
often contain multiule binding sites for a - 
protein that may function both as a struc- 
tural component of the complex and as an 
enzymatic component, depending on its 
location in the complex. Examples of such 
assemblies include the transpososomes of 
phage mu and Tn7 (Z), the intasome of 
phage A ( 3 ) ,  and the synaptosome of the 
resolvase family of site-specific recombi- 
nases (4. 5). ~, , 

The y8 resolvase protein (encoded by 
the YS trans~oson) carries out strand ex- 
change wit& a 'synaptic complex that 
contains two 120-b~  segments of DNA . - 
(known as res) and at least six dimers of 
resolvase (one dimer occupying each of the 
three binding sites that constitute res) (4, 
5) (Fig. 1). The three binding sites within 
res are essential for its activity, and recom- 
bination occurs by DNA breakage and re- 
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union at the center of site I. This synapto- 
some is a highly ordered structure-the two 
res sites are interwrapped, trapping precisely 
three negative superhelical turns (6)-and 
must be determined by a set of resolvase- 

Fig. 1. Components of the synaptic complex 
assembled by y8 resolvase: (A) The DNA sub- 
strate, res (-120 bp) contains three resolvase 
binding sites, indicated by the inverted pairs of 
arrowheads and labeled I ,  I I ,  and I l l .  The verti- 
cal arrowheads in the center of site I indicate 
the recombinational crossover point. (B) An 
assembly of eight resolvase catalytic domains 
showing the various inter-resolvase interactions 
seen in resolvase crystals (1 1, 17). Four 1,2 
dimers are shown (two shaded, two white) with 
the crossed cylindrical projections represent- 
ing the pair of COOH-terminal a helices that 
interact at the 1,2 interface. (The un-numbered 
domains form 1,2 dimers with those numbered 
3 and 3'). Each dimer contributes one mono- 
meric unit to the 2,3/2',3' tetramer at the center 
of the assembly. The COOH-terminal DNA 
binding domains are not shown (they are not 
visible in resolvase crystals) but would be at- 
tached to the ends of the COOH-terminal a-he- 
lical projections (17). The lines indicate two of the 

DNA and resolvase-resolvase interactions 
constrained by the DNA linkage of the 
binding sites and by the negative superhe- 
licity of the substrate. However, not all 
resolvase protomers in the complex are 
equal: only a subset provides catalytic func- 
tion [defined here in the narrowest sense as 
providing the essential Serlo residue that 
becomes covalently linked to the DNA 
during crossover site cleavage (4)], and it is 
likely that not all exhibit the same set of 
protein-protein interactions. 

Our strategy for dissecting the structure 
and function of the synaptosome is to place 
specific mutants of resolvase-for example, 
those defective in chemical catalysis or in a 
defined set of protein-protein interac- 
tions-at specific binding sites within each 
res segment. The outcome of a resolution - 
assay then indicates whether the resolvase 
bound at a defined site makes use of a 
specific protein-protein interaction during 
assembly of the synaptic complex or plays 
an active role in the chemical step of strand 
breakage. Specific binding to a mutant de- 
rivative of site I can be achieved with the 
resolvase mutant, R172L (with Arg'72 re- 
 laced bv Leu). This mutant was obtained 
by the use of a genetic screen (7) to select 
mutants of resolvase that could bind to a 
synthetic site I with a symmetrical G to T 
change at position 2 of the consensus half- 
site binding sequence TGTCCGATAATT 
(8) - 

We have used R172L to determine the 
location of the resolvase units that provide 
the active sites for catalvsis of DNA break- 
age and reunion. The results of in vitro 
resolution reactions with pNG345 (a sub- 
strate containing the mutant site IGZT) are 
shown in Fig. 2A (top panel). Two mutant 
resolvases were used: SlOL, which lacks the 
critical Serlo residue and binds weakly to 
site I (9), and R172L. SlOL alone was 

res site 

- 
2,3/2',3' Tetramer 

1.2 Dimers 

three orthogonal dyad axes. 
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