
tests are used (21), suggests that an aver- 
age explosive volcanic cloud height of at 
least 7000 m would be involved to yield a 
dominant particle size of 50 um or less at a 
distance of 600 km. 

Preliminary results of detailed particle 
size analyses of the atmospherically trans- 
ported volcanic dust and micropumice 
fragments in the cores are now available 
(13), and they support completely our in- 
ference of a downwind decrease in volcanic 
dust concentrations which, according to 
examination by binocular and transmitted 
light microscopy, are unaltered by any sea- 
floor processes. 

Windom's (22) proposal that deep-sea 
sediments may contain large fractions of 
windblown materials is supported by our 
data, which further suggest that one may 
map the contribution from suspected vol- 
canic sources by measuring magnetic prop- 
erties of cores from traverses or grids fo- 
cused on the source region. Furthermore, 
such data can be rapidly obtained from 
cores in unsplit plastic liners. 
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Structure of Coat Proteins in Pfl and fd Virions by 
Laser Raman Spectroscopy 

Abstract. Raman spectra offilamentous bacterial viruses are dominated by scattering 
from vibrations of the protein capsomers. The amino acid compositions of coat proteins 
in Pfl and fd strains are recognized by their different side-chain vibrational frequencies. 
However, the conformationally sensitive amide frequencies indicate that Pfl andfd coat 
proteins have the same a-helical secondary structures. Viral DNA backbones do not ex- 
hibit the A -type geometry. 
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A molecular model of filamentous bac- 
terial viruses has been proposed on the 
basis of low resolution x-ray diffraction 
data (1, 2). Since details of the structure at 
the atomic level cannot be resolved by the 
x-ray data, it is essential to support the 
model by other lines of evidence. Using la- 
ser Raman spectroscopy, we present here 
the results of a study of protein and nucleic 
acid secondary structures in these viruses. 

The method depends on the ability to 
obtain by laser light scattering a vibra- 
tional spectrum, consisting of a series of 
lines or frequencies characteristic of the 
structure and environment of macromo- 
lecular subgroups (3). Applications to nu- 
cleic acids (4) utilize the dependence of Ra- 
man frequencies and intensities on the 
amount and kind of base and backbone in- 
teractions to quantify RNA (5) and DNA 
(6) secondary structures. Applications to 
proteins (7) make use of the con- 
formationally sensitive amide frequencies 
to distinguish a, 0, and random-chain re- 
gions of the polypeptide backbone. Raman 
spectroscopy may also be applied to more 
complex assemblies, such as virions, to in- 
vestigate stabilizing interactions of nucleic 
acid and protein (8). Information of high 
structural specificity is usually difficult to 
obtain on such systems by other tech- 
niques, particularly when water is used as a 
solvent. 

We report here the Raman spectra of 
aqueous solutions of the filamentous bacte- 
rial (FB) viruses, Pfl and fd strains. These 
are the first Raman spectra obtained on 
true DNA-protein complexes and are un- 
usual for their high signal-to-noise quality 
and rich patterns of Raman lines. 

The FB viruses are of considerable inter- 
est (2). Both Pfl and fd are linear assem- 
blies (19,500 A and 9,000 A, respectively, 
in length by 60 A in diameter) of coat pro- 
tein subunits encapsulating a DNA mole- 
cule. The DNA, which comprises not more 
than 12 percent by weight of either virion, 
is believed to be a circular single strand. 
The major coat protein in both strains 
comprises about 99 percent of all the viral 
protein, has a molecular weight of about 
5000, and is believed to be largely a-helical 
in structure (1, 2). Primary structures of 
the major coat proteins in Pfl and fd are, 
however, different (1, 2, 9). Proline, trypto- 
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phan, glutamic acid, and phenylalanine are 
absent from Pfl but are present in fd, while 
glutamine and arginine are present in Pfl 
but absent from fd. 

Pfl and fd were obtained and purified as 
described (10). For Raman spectroscopy 
solutions were prepared in 0.05M NaCI at 
pH 9. Spectra were excited with 488.0- and 
514.5-nm lines of an argon-ion laser 
(Coherent Radiation Laboratories) and 
were recorded on a Ramalog spectrometer 
(Spex Industries, Inc.). Samples were con- 
tained in 1.0-mm capillary tubes and held 
at constant temperature as described (11). 

All spectra were reproducible over a pe- 
riod of 48 hours, and changes in the spectra 
as a function of temperature were revers- 
ible over the range 32? to 75?C. Assays 
showed no loss of viral activity due to laser 
illumination or other sample handling. 

The Raman data as recorded are shown 
in Fig. 1. Unusually high signal-to-noise 
ratios were obtained with both Pfl and fd 
despite the noticeable background fluores- 
cence in the latter case. The fluorescence is 
attributed to a viral component and not to 
impurities in the fd preparation. The 
spectra of both Pfl and fd are dominated 
by Raman scattering of the coat protein in 
the regions 200 to 1800 cm-' and 2800 to 
3100 cm-'. 

Recent Raman studies of aqueous pro- 
teins and polypeptides (7, 12, 13) indicate 
the following. Helical structures give a 
strong and sharp amide I line at 1650 + 5 
cm-' and relatively weak scattering in the 
amide III region (1265 to 1300 cm-'). P- 
Structures give a strong and sharp amide I 
line at 1665 + 5 cm-' and a strong amide 
III line at 1235 + 10 cm-'. Random struc- 
tures give a strong but broad amide I line 
at about 1665 cm-' and a medium amide 
III line at 1248 + 5 cm-'. Therefore, the 
amide frequencies and intensities in Fig. 1 
confirm that the coat proteins of Pfl and fd 
have the same a-helical secondary struc- 
tures. Furthermore, the absence of addi- 
tional Raman scattering in the amide I re- 
gion, which could be assigned to 0 or ran- 
dom structures, indicates that the coat pro- 
teins are uniformly a-helical (14). Weak 
Raman scattering near 1685 cm-' in the 
spectra of Fig. I is attributed to the car- 
bonyl stretching vibrations of the DNA 
bases (3-6). 

1205 

phan, glutamic acid, and phenylalanine are 
absent from Pfl but are present in fd, while 
glutamine and arginine are present in Pfl 
but absent from fd. 

Pfl and fd were obtained and purified as 
described (10). For Raman spectroscopy 
solutions were prepared in 0.05M NaCI at 
pH 9. Spectra were excited with 488.0- and 
514.5-nm lines of an argon-ion laser 
(Coherent Radiation Laboratories) and 
were recorded on a Ramalog spectrometer 
(Spex Industries, Inc.). Samples were con- 
tained in 1.0-mm capillary tubes and held 
at constant temperature as described (11). 

All spectra were reproducible over a pe- 
riod of 48 hours, and changes in the spectra 
as a function of temperature were revers- 
ible over the range 32? to 75?C. Assays 
showed no loss of viral activity due to laser 
illumination or other sample handling. 

The Raman data as recorded are shown 
in Fig. 1. Unusually high signal-to-noise 
ratios were obtained with both Pfl and fd 
despite the noticeable background fluores- 
cence in the latter case. The fluorescence is 
attributed to a viral component and not to 
impurities in the fd preparation. The 
spectra of both Pfl and fd are dominated 
by Raman scattering of the coat protein in 
the regions 200 to 1800 cm-' and 2800 to 
3100 cm-'. 

Recent Raman studies of aqueous pro- 
teins and polypeptides (7, 12, 13) indicate 
the following. Helical structures give a 
strong and sharp amide I line at 1650 + 5 
cm-' and relatively weak scattering in the 
amide III region (1265 to 1300 cm-'). P- 
Structures give a strong and sharp amide I 
line at 1665 + 5 cm-' and a strong amide 
III line at 1235 + 10 cm-'. Random struc- 
tures give a strong but broad amide I line 
at about 1665 cm-' and a medium amide 
III line at 1248 + 5 cm-'. Therefore, the 
amide frequencies and intensities in Fig. 1 
confirm that the coat proteins of Pfl and fd 
have the same a-helical secondary struc- 
tures. Furthermore, the absence of addi- 
tional Raman scattering in the amide I re- 
gion, which could be assigned to 0 or ran- 
dom structures, indicates that the coat pro- 
teins are uniformly a-helical (14). Weak 
Raman scattering near 1685 cm-' in the 
spectra of Fig. I is attributed to the car- 
bonyl stretching vibrations of the DNA 
bases (3-6). 

1205 



Supporting evidence for the a-helical 
secondary structures of Pfl and fd coat 
proteins is also found in the low-frequency 
region of the Raman spectrum. For ex- 
ample, both Pfl and fd exhibit lines near 
377 and 530 cm-' which are assignable to 
alanine residues in the right-handed a-hel- 
ical conformation (15). 

The amide I line of Pfl appears at 1652 
cm-' when the temperature is 320C (Fig. 1) 
and is shifted to 1655 cm-' at 50?C and to 
1657 cm-' at 75?C with no change in half- 
width. Upon being cooled to 32?C, amide I 
returns to a frequency of 1652 cm-'. The 
same reversible frequency shift is observed 
for amide I of fd coat protein. Increasing 
the temperature of Pfl or fd also causes a 
significant increase in the Raman intensity 
at 377 cm-', so that at 75?C, the lines at 
337 and 377 cm-' have equal peak heights. 
These effects indicate that the a-helical 
structures are altered reversibly by changes 
in temperature over the range 320 to 75?C. 
Such modification of the coat protein 
structure occurs, however, without impair- 
ment of viral activity (9), and suggests con- 

siderable flexibility in the FB virion. We 
note also that 3 percent solutions of Pfl or 
fd give amide I lines at 1649 cm-'. This fre- 
quency difference indicates, however, a 
spectral distortion caused by the over- 
lapping water band (1640 cm-') rather than 
by a solvent-induced structural per- 
turbation. 

Since DNA accounts for not more than 
12 percent by weight of the virion, its Ra- 
man scattering is weak in comparison to 
that of the coat protein. Nevertheless, the 
spectra of Fig. 1 are informative with re- 
gard to DNA structure. A-DNA gives a 
Raman line at 810 cm-' with intensity 
equal to that of the pyrimidine line at 785 
cm-l (6). In Pfl there is no Raman line be- 
tween 790 and 825 cm-l despite the clearly 
resolved pyrimidine line at 785 cm-'. In fd 
the line at 801 cm-' is too weak in intensity 
and too low in frequency to be assigned to 
the A-DNA vibration, but it is easily ac- 
counted for by scattering expected of ami- 
no acid residues near this frequency. 
Therefore the DNA backbone in Pfl and 
fd virions cannot be in the A-configuration 

(16). Since B-DNA and C-DNA give no 
prominent Raman line between 790 and 
825 cm-' (6), data of Fig. 1 are consistent 
with a backbone geometry of either type. 

We cannot determine from our results 
whether hydrogen bonding interaction oc- 
curs between base residues opposite one 
another in the encapsulated DNA strand. 
However, the pyrimidine line at 785 cm-' 
and the purine line near 1580 cm-' exhibit 
sufficiently low intensities so that it is pos- 
sible that considerable stacking of the 
DNA base residues occurs (3-5). These in- 
tensities, moreover, do not increase signifi- 
cantly when the viruses are heated to 75?C. 

Finally, Fig. 1 demonstrates the ability 
to distinguish two closely related DNA 
coliphages from one another on the basis 
of their Raman vibrational spectra. The 
presence of phenylalanine in fd coat pro- 
tein, for example, leads to the appearance 
of strong lines at 620 and 1004 cm-', addi- 
tional strong scattering at 1206, 1488, 
1608, and 3060 cm-', and other weaker 
lines characteristic of the phenylalanine 
residue, all of which are absent from the 
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3100 2800I 1500 CM 1000 500 I 3100 2800 1500 CM I1000 500 
Fig. 1. Raman spectra of FB viruses in 0.05M NaCI at 32?C and pH 9. (Curve a) Pfl: concentration C = 108 ,ug/ /1; excitation wavelength (X) 
488.0 nm; radiant power (P) = 100 mw; slit width (Ao) = 5 cm-'; scan rate (r) = 50 cm-'/min; rise time (t) = 1 second; amplification (A) = 3x. 
(Curve b) Pfl: Au = 10 cm--; t = 3 seconds; A = lx; other conditions as in (a). (Curve c) fd: C = 147 ug//l; X = 514.5 nm; P = 100 mw; Az? = 
5 cm '; r = 50 cm-'/min; t = 1 second; A = 3x. (Curve d) fd: Au = 9 cm--'; t = 3 seconds; A = IX; other conditions as in (c). (Curve e) Pfl: A =13 X; 
other conditions as in (b). (Curve f) fd: A = '/3x; other conditions as in (d). Frequencies of prominent lines are given in cm-' units and assignments 
to molecular subgroups are denoted by standard abbreviations (17). Abbreviations: str, stretching; def, deformation; CH, carbon-hydrogen bond; 
CC, carbon-carbon bond; CN, carbon-nitrogen bond; A, T, C, and G, adenine, thymine, cytosine, and guanine; ala, alanine; met, methionine; phe, 
phenylalanine; trp, tryptophan; tyr, tyrosine; Am, amide. 
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spectrum of Pfl. Tryptophan is distin- 
guished in fd by its Raman lines at 757, 
878, 1012, 1362, and 1560 cm-', while pro- 
line and glutamic acid account for the lines 
of fd at 415 and 670 cm-'. Conversely, the 
lines of Pfl at 405, 444, 520, 655, and 945 
cm-' may be attributed to glutamine and 
arginine residues. As in the case of R17 
phage (8), the CH-stretching (2800 to 3100 
cm-') and CH-deformation (1320 to 1460 
cm-') regions are dominated by contribu- 
tions from the -CH, -CH2-, and -CH3 
groups of amino acid side chains (17). 

In summary, the Raman data indicate 
the following features of FB virus struc- 
ture. The coat proteins of Pfl and fd viri- 
ons have the same a-helical secondary 
structures. The a-helices undergo a reversi- 
ble change in geometry over the tempera- 
ture interval 32? to 75?C. At the higher 
temperatures in this range, a-helices are 
maintained but apparently with somewhat 
weaker intramolecular hydrogen bonding 
than occurs at lower temperatures. The 
DNA chain in the virion of Pfl or fd main- 
tains a configuration in which the local ge- 
ometry of phosphodiester linkages is dis- 
similar to that found in A-DNA. The 
DNA bases are probably stacked but no 
information on base pairing has been ob- 
tained from the spectra. These features of 
viral DNA structure are not altered over 
the range 32? to 75?C. 

The significant spectral differences be- 
tween Pfl and fd are due to the different 
amino acid compositions of their respec- 
tive coat proteins. The Raman spectrum 
therefore provides a simple and straight- 
forward means of detecting and distin- 
guishing these closely related FB viruses. 

G. J. THOMAS, JR. 

P. MURPHY 

Department of Chemistry, 
Southeastern Massachusetts University, 
North Dartmouth 02747 
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guishing these closely related FB viruses. 

G. J. THOMAS, JR. 

P. MURPHY 

Department of Chemistry, 
Southeastern Massachusetts University, 
North Dartmouth 02747 
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Stream steady state, wherein the solid 
material transported from stream basins is 
considered approximately equal to that 
eroded from upland slopes, cannot be as- 
sumed for much of the United States since 
European settlement (1). Sediment from 
culturally accelerated erosion has so over- 
loaded streams that most of it has been de- 
posited within the system. Thus, stream 
sediment loads, as used in most denudation 
studies (2, 3), are questionable indicators 
of regional denudation. 

Analysis of ten large river basins, mostly 
within the southern Piedmont, indicates 
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that of the material eroded from upland 
slopes since European settlement, only 
about 5 percent has been exported. Gross 
erosion (detached materials) was estimated 
from soil profile truncations (4), and sedi- 
ment yields (export) were estimated from 
U.S. Geological Survey data (5) on sus- 
pended stream load with adjustments for 
bed load. Because of the varying length of 
agricultural occupancy of the basins, gross 
erosion and sediment yields were con- 
verted to standardized rates (Fig. 1); 
areally weighted, they average 95 and 4.5 
mm per 100 years, respectively. Delivery 
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Fig. 1. Gross erosion (detached material), sediment yields (exported from basin), and sediment deliv- 
ery ratios of selected southern Piedmont river basins since agricultural occupancy began. The areally 
weighted averages are: gross erosion, 95 mm per 100 years; sediment yield, 4.5 mm per 100 years; 
sediment delivery ratio, 4.7 percent. 
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Denudation Studies: Can We Assume Stream Steady State? 

Abstract. Contemporary stream sediment loads are dubious indicators of regional de- 
nudation. Recent analysis of ten river basins in the southeastern United States indicates 
that of the material eroded from upland slopes since European settlement, only about 5 
percent has been exported. The remainder, alluvium and colluvium, will probably not be 
exported because of extensive reservoir impoundments. 
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