though the highest peaks of the Southern
Alps occur southeast of Franz Josef, where
after 140 x 10? years ago uplift is inferred
to be maximum, the area of highest meta-
morphic grade of schist and hence expected
maximum total uplift occurs 25 to 40 km
northeast of the Haast River.

The close altitudinal spacing of marine
terraces along the coast west of the Alpine
fault between the Stafford Range and the
Moeraki River suggests relatively low uplift
rates, so we surveyed altitudes of uplifted
shore platforms in conjunction with topo-
graphic map analyses. Attempts to correlate
six marine terraces in the coastal mountains
with New Guinea terraces yielded only one
reasonable solution (Fig. 3). Uniform in-
ferred uplift of 2.0 m per 10° years between
242 x 10* and 176 X 10* ycars ago de-
creased to uniform uplift of 0.87 m per 10°
years since roughly 150 x 10? years ago.

Correlations of remnants of marine ter-
races along the northwestern flank of the
Southern Alps at three widely spaced sites
with the dated sequence of global marine
terraces at New Guinea is a useful basis for
inferring terrace ages and uplift rates. At
least 250 km of the Southern Alps is being
clevated at an inferred rate of 5 to 8 m per
10* years during the last 135 x 10° to

140 x 10* years. Reset K/Ar radiometric
clocks in heated and uplifted schist, and
surficial temperature gradients, imply uplift
rates of less than 10 m per 10° years (11);
these cross-checks agree with the uplift rates
inferred from the marine-terrace analyses.
An apparent doubling of uplift rate occurred
between 135 x 10° years and 140 x 10°
years ago at three widely separated sites cast
of the Alpine fault. Presumably, it is associ-
ated with long-term increasing convergence
between the Australian and Pacific plates.
Opposite and roughly synchronous changes
in inferred uplift rates cast and west of the
Alpine fault near the Haast River also con-
tribute to the picture of internal consistency
that supports the correlations and uniform
uplift-rate assumption.
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Polymorphism of Sickle Cell Hemoglobin Aggregates:
Structural Basis for Limited Radial Growth

LEE MAKOWSKI AND BEATRICE MAGDOFF-FAIRCHILD

Fibers composed of molecules of deoxygenated sickle cell hemoglobin are the basic
cause of pathology in sickle cell disease. The hemoglobin molecules in these fibers are
arranged in double strands that twist around one another with a long axial repeat.
These fibrous aggregates exhibit a pattern of polymorphism in which the ratio of their
helical pitch to their radius is approximately constant. The observed ratio agrees with
an estimate of its value calculated from the geometric properties of helical assemblies
and the degree of distortion that a protein-protein interface can undergo. This
agreement indicates that the radius of an aggregate is limited by the maximum possible
stretching of double strands. The geometric properties limiting the radial extent of
sickle hemoglobin fibers are fundamental to all cables of protein filaments and could
contribute to the control of diameter in other biological fibers such as collagen or

fibrin.

ICKLE CELL HEMOGLOBIN DIFFERS

from normal hemoglobin only in that

a valyl residue is substituted for a
glutamate at the B6 position of both
chains of the molecule. In its unliganded
state, the sickle cell hemoglobin (HbS) mol-
ecule has a lower solubility than normal
hemoglobin. This results in an aggregation
of the molecules into regular fibrous arrays.
Much of the pathophysiology of sickle cell
disease is attributed to occlusion of the
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capillaries in the microcirculation by fiber-
containing erythrocytes. Observed polymor-
phic assemblies in vitro range in size from
220 A diameter fibers (1) to larger macro-
fibers (2, 3), twisted crystals (4), and macro-
scopic crystals suitable for high-resolution x-
ray crystallography (5-7). The crystals and
the fibers found in erythrocytes and in solu-
tions of deoxy-HbS have a common basic
structural element, the presence of which
has been confirmed by the striking similar-

ities of their x-ray diffraction patterns (8, 9).
This basic structural unit or protofilament is
a double strand of HbS molecules, which
possesses approximate twofold screw sym-
metry with an axial rise of 32 A per hemo-
globin molecule. The protofilament is stabi-
lized, in part, by the interaction of one of the
B6 residues in HbS with the edge of the
heme pocket of an adjacent molecule (7, 10).

All of the aggregates of HbS molecules
are side-to-side assemblies of the protofila-
ments. In the macroscopic crystals, the pro-
tofilaments arc arranged parallel or antipar-
allel to one another. In the smaller aggre-
gates, the protofilaments are slightly twist-
ed, and coil around one another with a long
helical pitch. From the side-to-side packing
of protofilaments in the fibrous aggregates,
it would appear possible to continue adding
protofilaments to these aggregates without
bound. The side-to-side packing of proto-
filaments is not self-limiting as it is, for
instance, in the case of microtubules, where
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the completion of a cylindrical shell pre-
cludes the further addition of protofilaments
to the structure. Nevertheless, under well-
defined conditions, fibers of relatively uni-
form size are observed, indicating that the
growth of HbS fibers is self-limiting. The
question being addressed in this report is:
What are the physical and geometric factors
determining the radial extent of HbS fibers?

Let us consider the general case. In a cable
of identical periodic protofilaments, the sub-
units interact with one another to make
specific bonds over the entire length of the
protofilaments. If each protofilament has an
intrinsic twist the protofilaments will wrap

Fig. 1. Models of cables of twisted protofila-
ments. Each protofilament was constructed to
have a 90° rotation along its length. Interaction of
two protofilaments with one another (left) results
in an aggregate having the same degree of twist as
its constituent protofilaments, that is, about 90°.
Addition of a third protofilament (center) in-
creases the radius of each protofilament slightly
but results in an aggregate in which the protofila-
ments are still not substantially distorted. In a
larger aggregate (right) with ten protofilaments,
the outer protofilaments are distorted in order to
trace a helical path about the center of the aggre-
gate. At a radius where the energy required to
distort the protofilaments becomes greater than
the energy of binding of the protofilaments, the
aggregate will cease to grow. In addition to the
distortion of the protofilaments at high radius,
the rigidity of the protofilaments in these models
has resulted in two additional distortions to the
entire aggregate: the aggregate rotates by only
about 60° along its length, meaning that each
protofilament has been untwisted by about 30°.
Furthermore, a slight bulging of the top surface
can be observed in the photograph. The protofila-
ments near the center of the cable are being
compressed while the ones at the outside are
being stretched. This compression, if it occurs in
protein assemblies, will lead to overestimates in
the elongation calculated as described in the text.
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around one another in order to maintain a
pattern of specific interactions over an ex-
tended axial distance. An example of this
kind of structure is the two-stranded a-
helical coiled-coil (11). A cable of two or
more twisted protofilaments will itself be
twisted, and its pitch will be the same as that
of the individual protofilaments (12). In a
twisted aggregate, the path length of the
protofilaments on the surface will be greater
than for those in the middle. For the proto-
filaments to maintain regular interactions
with each other, those at large radius must
necessarily be stretched relative to those at
small radius (13). A model demonstrating
the relation between the twist of a cable with
regularly arrayed interactions and its constit-
uent protofilaments is shown in Fig. 1. At
any axial position in the cable, the cross-
sectional arrangement of protofilaments is
the same, but the entire arrangemient rotates
with axial progression along the length of
the cable.

As the radius of a cable increases, the path
length of the protofilaments at the outer
surface of the cable increases. The length, /,
traced by a protofilament at a radius, 7,
necessary to span an axial distance equal to
the pitch, p, is equal to

1= (g + (2mn)" (1)

Regular interactions between protofila-
ments within a cable can be maintained for a
protofilament at a radius, #, only if the
protofilament is stretched by an amount
equal to the path length increase (/ — p).
This is a necessary condition for mainte-
nance of the regular interactions that stabi-
lize a twisted aggregate.

The elongation within an aggregate, ¢ =
Imax/p, where [y, is the maximum protofila-
ment length, will be small if the energy of
interaction between protofilaments is small
or if the protofilaments are relatively rigid.
At the outer surface of the cable,

plr = 2ul(£2—1)"? (2)

The pitch, radius, and elongation may
change under different environmental con-
ditions. A plot of pitch versus radius could
be useful for distinguishing among several
simple models of twisted aggregates whose
structures depend on the effect of environ-
mental conditions. Let us consider the fol-
lowing models:

1) Interactions within individual protofi-
laments remain unchanged, but the energy
of interactions among protofilaments is al-
tered by environmental changes. In such a
case, the pitch of individual protofilaments
will remain fixed and consequently the pitch
of the aggregates will also remain fixed. If
the energy of interactions among protofila-
ments is weakened by some environmental
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Fig. 2. A plot of radius versus pitch for the

aggregates listed in Table 1, except the values for
the twisted crystal (15). The slope of the least-
squares line constrained to go through the origin
for all aggregates is 27.75 (as plotted); for macro-
fibers alone, the slope is 29.6 and for fibers, 25.7.
These numbers correspond to average changes in
the center-to-center distances of 1.6 A between
axially intcractinimoleculcs (1.4 A in the macro-
fibers and 1.9 A in the fibers). Within 90%
confidence limits, the average slope for macro-
fibers is in the range of 27.9 to 31.3, and for fibers
it is in the range of 22.4 to 29.0. A shift of 1.5 A
per molecule corresponds to a slope of 28.9.

change (for example, an increase in ionic
strength), then the elongation and the radi-
us will both decrease. If they change accord-
ing to Eq. 2 then a plot of pitch versus
radius for this family of aggregates will
result in a straight horizontal line.

2) The pitch of an aggregate changes,
while the energy of interaction among sub-
units within a protofilament and among
different protofilaments (binding energy)
both remain constant. In this case, the elon-
gation remains constant but the pitch and
radius may change according to Eq. 2. A
plot of pitch versus radius for this family of
aggregates would result in a straight line
going through the origin with a slope of
2m/(#-1)"2. More complex models could
be formulated but it would be more difficult
to distinguish among them with plots of
pitch versus radius alone (14).

The derived relation of pitch to radius can
be applied to fibers of deoxy-HbS. Twisted
aggregates of HbS have been observed with
pitch ranging from 3,000 to 80,000 A.
Table 1 lists the approximate pitch and
radius of a variety of HbS aggregates as
measured from published micrographs, and
the elongation for each of these aggregates
as calculated from Eq. 2. The aggregates, all
of which consist of double strands of HbS
molecules, fall into three categories: the
fibers, which appear to be a relatively homo-
geneous population, and the macrofibers
and twisted crystals that occur with different
numbers of protofilaments. Relatively large
variations of pitch have been observed
among similar macrofibers or even within
the same macrofiber (3).

The data in Fig. 2, which exclude the
values for the twisted crystals (15), indicate
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that the p/» ratio is similar for all of these
aggregates. These data are consistent with a
model where the effect of environmentally
induced changes in HbS aggregates are sim-
ilar to model (2) above. That is, the pitch of
the protofilaments is changed but the energy
of interactions among subunits does not
change detectably.

The least-squares fit to the data con-
strained to go through the origin (Fig. 2)
indicates a p/» ratio of 27.75, and suggests
that the elongation is essentially the same for
fibers and macrofibers. If the fit is not
constrained to go through the origin, the p/»
ratio is 32.44 and the intercept on the
horizontal axis is at a radius of 28 A = 10 A.
Given that HbS molecules that interact with
one another in a protofilament are displaced
axially from one another by 32 A (lateral
interactions) and by 64 A (axial interac-
tions), these ratios correspond to an increase
of 0.6 to 0.8 A in the distance between HbS
molecules interacting laterally, and 1.2 to
1.6 A between molecules interacting axially.

Small relative shifts of adjacent structural
elements have been observed in comparisons
of insulin molecules in different crystal pack-
ing environments (16). Intramolecular he-
lix-helix interactions remain unchanged
when shifts are smaller than 1.5 A. These
small shifts can be taken up by rotations of
side chains. If the shifts are greater than 1.5
A, the interfaces must be restructured by
breaking and then reforming of the bonds
that participate in these interactions. Al-
though these observations involve intramo-
lecular shifts, detailed studies of protein-
protein interactions indicate that intermo-
lecular interactions among protein mole-
cules are of the same nature as interactions
between structural elements within a single
protein molecule (17).

The magnitude of the elongation as calcu-
lated from the slope of the line in Fig. 2
suggests that the entire stretching of the
protofilament can be accounted for by small
changes in side-chain torsion angles at the
intermolecular interfaces. The most highly
stretched protofilaments on the outside of
the fiber can accommodate the same set of
intermolecular interactions that are present
in the most highly compressed protofila-
ments at the smallest radius of the fiber. The
fact that the plastic limit of interactions
among secondary structures (16) is so close
to the maximum degree of stretch observed
in HbS aggregates suggests that this deter-
mines the limit for the stretching of HbS
protofilaments. Put another way, the results
reported here imply that the bonding energy
generated by the side-to-side interactions of
protofilaments is sufficient to distort and
rotate bonds between secondary structures
in a protofilament, but is not great enough
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to break any bonds and restructure the
interfaces.

The picture of HbS aggregates emerging
from this analysis is one in which double
strands of relatively fixed pitch (under any
given conditions) interact side-to-side to
form aggregates with pitch equal to that of
the individual protofilaments. In most cases,
the pitch observed in ariy given environmient
is highly variable and may even be different
for different turns of the same aggregate.
Measurement errors, and the fact that the
aggregates have all been imaged lying on an
electron microscope grid immersed in nega-
tive stain will account for some of the
variability. But changes in pitch may occur
in any case since only minute changes in the
intermolecular interactions would result in
changes in pitch. For instance, the range of
pitch observed for macrofibers with radii
over 330 A is 8,445 to 11,360 A (Table 1).
This difference can be accommodated by
changes in the relative positions of side
chains involved in axial interactions of less
than 0.5 A at the outside. Most groups
involved in stabilizing the protofilament
would move less than half that amount.
Consequently, very little energy would be
required to produce the large observed vari-
ations in pitch. v

Our conclusion is that all of the intermo-

Table 1. Radius and pitch of sickle cell hemoglo-
bin aggregates. All dimensions are as measured
from published electron micrographs except pitch
and radius, quoted in (19). Sealy-$ and J-Oxford-
S are aggregates composed of hemoglobin con-
taining HbS B chains and « chains having the
designated mutation.

Pitch Radius /. Refer-

(A) (A) pir ¢ ence
Macrofiber
9,590 323 29.7  1.022 2)
5,460 210  26.0 1.028 (20)
9,040 290 31.1  1.020 (20)
8,445 340 248  1.031 (20)
9,110 334 257  1.029 (20)
9,315 355 279  1.025 (20)
10,880 326 334 1.017 3)
11,180 325 343 1017 3)
11,360 360 314 1.020 3)
8,910 325 273  1.026 3)
11,000 320 33.7 1017 3)
Fibers
3,000 110 273  1.026 (1)
2,664 130 205  1.046 21)
3,902 124 312  1.020 1)
3,463 136 254  1.030 1)
3,510 125 281  1.025 (21)
2,600 120 217  1.041 (1)
Sealy-S mutant
4,300 180 239 1.034 (19)
J-Oxford-S mutant
3,100 130 238 1.034 (19)
Twisted crystals

80,770 1,270  63.6  1.005 “)
80,745 1,040 776  1.003 “)
83,000 1,500 553  1.006 “)

lecular interactions stabilizing a protofila-
ment are preserved during the stretching of
the protofilament at the outside of an aggre-
gate and the compression of the protofila-
ment at the center of an aggregate. The
interactions among HbS molecules in proto-
filaments at the surface of a fiber are quasi-
equivalent (18) to the corresponding inter-
actions in protofilaments at the center of a
fiber. The radius of an aggregate is limited
by the limited flexibility of intermolecular
interactions and by the energy available for
the stretching of a protofilament at the outer
surface. This energy is generated by the
bonds between the added protofilament and
the aggregate. An aggregate will stop grow- .
ing radially when the energy necessary for
stretching a protofilament being added is
greater than the energy generated by the
binding of this protofilament to the aggre-
gate. Consequently, assemblies of twisted
protofilaments cannot be extended radially
without bound.

A variety of other biological fibers, in-
cluding collagen and fibrin, appear to be
organized into twisted cables. Some regular-
ity in the fiber diameter is observed in both
of these systems. It seems likely that the
geometric and energetic considerations out-
lined here will be important in understand-
ing the control of fiber diameter in these and
other biological systems.
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Petroleum Associated with Polymetallic Sulfide in
Sediment from Gorda Ridge

KeiTH A. KVENVOLDEN, JOHN B. Raprpr, FRANCES D. HOSTETTLER,
JANET L. MORTON, J. DAVID KING, GEORGE E. CLAYPOOL

A sediment sample, impregnated with asphaltic petroleum and polymetallic sulfide,
was dredged from the southern end of Gorda Ridge (the Escanaba Trough) off
northern California, within the offshore Exclusive Economic Zone of the United
States. The molecular distributions of hydrocarbons in this petroleum show that it was
probably derived from terrestrial organic matter in turbidite sediment filling the
Escanaba Trough. Hydrothermal activity at the Gorda Ridge spreading center
provided the heat for petroleum formation and was the source of fluids for sulfide

mineralization.

ORDA RIDGE IS AN ACTIVE OCEAN-
ic spreading. center about 300 km
long, bounded on the north and
south, respectively, by the Blanco and Men-
docino fracture zones (Fig. 1). The southern
90-km end of the ridge, referred to as the
Escanaba Trough, is filled with as much as
500 m of Quaternary turbidite sediment (I).
Within the trough, discrete volcanic centers
Kave uplifted and in some places pierced the
trough-filling turbidites (2). Siltstone slabs,
basaltic glass, and massive polymetallic sul-
fide (3) have been dredged from the flank of
one of these volcanic centers at latitude
40°45'N (Fig. 1). One of the samples is
unusual in that it is a sediment impregnated
with asphaltic petroleum and polymetallic
sulfide. The association of petroleum and
sulfide is of particular interest, because the
sample was recovered within 200 nautical
miles (370 km) of the coast of northern
California and thus is within the Exclusive
Economic Zone of the United States (4).
The discovery is important with regard to
offshore energy and mineral resources.
Evidence for hydrothermal activity at the
Escanaba Trough comes from dredge sam-
ples obtained in 1983 that contained altered
basaltic lava, manganese oxide crusts, non-
tronite, and sulfide (5). After a seismic-
reflection survey of the Escanaba Trough in

§ DECEMBER 1986

1985, dredging at station 32 (Fig. 1) recov-
ered 4.5 kg of massive polymetallic sulfide.
The sulfide consists mainly of pyrrhotite
with minor amounts of sphalerite, chalcopy-
rite, and galena (3); the unoxidized nature
of the sulfide minerals indicates that the
material was recovered from dn actively
forming hydrothermal deposit. Similar sul-
fide deposits have been found around active
hot springs on the sediment-covered floor of
Guaymas Basin in the Gulf of California (6).

Petroleum-like material was first noticed
when the sulfide samples were being rinsed
with acetone to remove water during the
preparation of thin sections; one sample,
weighing 185 g, turned the acetone dark
brown. An analysis of this sample yielded an
organic carbon contenit of 5.6% by weight,
most of which was soluble in methylene
chloride. Chromatography and mass spec-
trometry, both adapted from (7), were used
to characterize the organic matter. The re-
sults of liquid-solid  chromatography
showed that the extractable organic material
in this sample (55 mg/g) is an asphaltic
petroleum composed of 2% aliphatic hydro-
carbons, 44% aromatic hydrocarbons, and
54% nonhydrocarbons.

The aliphatic and aromatic hydrocarbons
were fractionated and identified by gas-
liquid chromatography and mass spectrome-

try (7). The following molecular markers
were found: (i) a homologous series of #-
alkanes (#-Cy4 to #-Cyo) (Fig. 2A); (ii)
isoprenoid hydrocatbons i-16, i-18; i-19
(pristane), and i-20 (phytane) (Fig. 2A);
(iif) a series of 17a(H),218(H) hopanes
(Cy7 to Css without Cy) including diaste-
reomeric pairs of homohoparies (Cs; to Css)
where 22R  dominates 22§  (average
228/22R = 0.8) (Fig. 2B); (iv) a series of
178(H),21a(H) moretanes (Cyy to Cj)
(Fig. 2B); (v) steranes (Cy7 to Cyg) with the
5a(H),14a(H),17a(H)-20R isomers more
abundant than the 20S isomers and low
amounts of the 5a(H),14B(H),178(H)-
20R and 20S diastereomers and rearranged
steranes; (vi) a complex mixture of triaroma-
tic steroids (Cy and Cy;) and no monoaro-
matic steroids (8); and (vii) a mixture of
polycyclic aromatic hydrocarbons (PAH)
containing more nonalkylated than alkylated
species (Fig. 2C). No sulfur-containing aro-
matic hydrocarbons were identified as major
components of the aromatic fraction; organ-
ic sulfur is probably present, however, in the
nonhydrocarbon fraction. All of the hydro-
carbons identified are common in petroleum
at various levels of maturity (9).

The original source of most of the hydro-
carbons was probably the organic matter in
the Pleistocene and youriger turbilités of .
the Escanaba Trough. These terrigenous
sediments, which have organic carbon con-
tents ranging from 0.1 to 0.5% (10), derive
mostly from the Klamath River and Colum-
bia River drainage basins and were tfans-
ported across the sea floot to the Escanaba
Trough by turbidity currents (11). The #-
alkanes Iargcr than about #-Cy, are charac
terized by the predominance of odd-carbon-
number molecules with a carbon preference
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