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A Mantle Plume Initiation Model for the Wrangellia
Flood Basalt and Other Oceanic Plateaus

MARrk A. RicHARDS, DAVID L. JONES, ROBERT A. DUNCAN,

DonNALD J. DEPAOLO

The vast Wrangellia terrane of Alaska and British Columbia is an accreted oceanic
plateau with Triassic strata that contain a 3- to 6-kilometers thick flood basalt,
bounded above and below by marine sedimentary rocks. This enormous outpouring of
basalt was preceded by rapid uplift and was followed by gradual subsidence of the
plateau. The uplift and basalt eruptions occurred in less than ~5 million years, and
were not accompanied by significant extension or rifting of the lithosphere. This
sequence of events is predicted by a mantle plume initiation, or plume head, model that
has recently been developed to explain continental flood volcanism. Evidence suggests
that other large oceanic basalt plateaus, such as the Ontong-Java, Kerguelen, and
Caribbean, were formed as the initial outbursts of the Louisville Ridge, Kerguelen, and
Galapagos hot spots, respectively. Such events may play an important role in the
creation and development of both oceanic and continental crust.

HE OCEAN BASINS CONTAIN A NUM-

I ber of large basaltic plateaus whose

origins are uncertain. Some of the
largest of these plateaus may have been
erupted rapidly (<5 to 10 million years); if
so, they may be the oceanic equivalent of
continental flood basalts (7). Perhaps the
best exposed of these plateaus is Wrangellia,
an accreted terrane along the western North
American continental margin (2). The Tri-
assic section of Wrangellia contains a huge
thickness of tholeiitic flood basalt (green-
stone) overlying and overlain by marine
sedimentary rocks that record the geologic
events preceding and following the basalt
eruptions. Thus Wrangellia affords an op-
portunity to study the genesis of an oceanic
flood basalt event.

Two models (3) have been developed
recently to explain continental flood basalt
events: (i) “passive” continental rifting over
a continuous mantle plume (4) and (i)
plume initiation, sometimes accompanied
by “active” rifting (1, 5) in which melting
occurs because of the rise of a large initial
diapir or starting plume (Fig. 1) (6). The
passive model predicts that flood basalt oc-
currences are restricted to continents and are
associated with rifting. The plume initiation
model predicts that flood basalts should
occur in oceanic as well as continental set-
tings and are not necessarily associated with
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rifting (1, 7, 8).

The plume initiation model also predicts a
particular sequence of geologic events. The
plume heads, which are as large as ~1000
km in diameter (5, 9), melt to produce a
flood basalt sequence, and their following
feeder conduits (tails) produce associated
long-lived hot-spot tracks (7). Rapid uplift,
of ~1 km, should occur as the plume head
rises beneath the lithosphere. The flood
basalt eruptions then occur over a short time
interval of a few million years and are fol-
lowed by gradual thermal subsidence of the
plateau. The basalts are expected to be
tholeiitic and intermediate in composition
between depleted mid-ocean ridge basalt
(MORB) and enriched ocean island basalt
(OIB) (5, 10). In this paper we show that
these predictions describe the Triassic geol-
ogy of Wrangellia extremely well. We also
review evidence that other oceanic plateaus
may represent plume initiation events.

The Wrangellia terrane (2) comprises sev-
eral large allochthonous blocks along the
northwest coast of North America between
Vancouver Island, British Columbia, and
southern Alaska (Fig. 2) (11) and is distin-
guished by its distinctive Triassic strata,
consisting of a large thickness of greenstone
(basalt) bounded below and above by Mid-
dle and Upper Triassic marine sedimentary
rocks (Fig. 3). The Triassic rocks lie uncom-
formably upon a Paleozoic marine sequence
that includes island arc complexes whose last
activity predates the Triassic basalts by more
than 80 million years. Paleomagnetic studies
and tectonic reconstructions indicate that

the Triassic basalts were erupted at a latitude
of about 10° to 17° (12-15) in the eastern
(16) or western Pacific Ocean (17) and that
Wrangellia was accreted onto the continen-
tal margin during the mid-Cretaceous (18)
or Jurassic (19). The huge thickness (up to
6000 m) of basalt, essentally uniform in
composition, rapidly erupted, and lying be-
tween marine sedimentary formations, has
no obvious analogue or explanation in terms
of plate boundary volcanism such as island
arc formation or sea-floor spreading. Strati-
graphic and compositional relations show
that the Wrangellian basalts constitute a
single flood basalt event (20).

The basement rocks are best known in the
Wrangell Mountains, Alaska, where they
include the Tetelna Volcanics, Slana Spur,
and Station Creek Formations and have an
aggregate thickness of 2 to 3 km. Wide-
spread plutons yield K-Ar dates of 285 to
297 Ma (million years ago; late Pennsylva-
nian to earliest Permian) (21).

Postarc sedimentary rocks consist of Low-
er Permian shallow water fossiliferous lime-
stone, sandstone, and shale and, locally,
mid- to Upper Permian deep water argillite
and radiolarian chert. This stratigraphic se-
quence indicates that cooling and gradual
subsidence followed the cessation of arc
volcanism at ~285 Ma. Terminal Permian
deposition occurred at depths greater than
the calcium carbonate compensation depth
(CCD), estimated to be at least 1 km deep at
that time, so that the minimum rate of
subsidence was ~0.04 mm/year. Permian
strata are overlain conformably by a thin
(generally <100 m thick) discontinuous
unit of black argillite, siltstone, and minor
limestone that contains abundant specimens
of the Middle Triassic (Ladinian) bivalves
Daonella degeeri and D. frami. This unit also
was deposited in deep water (basinal), but
probably just above the CCD.

Fig. 1. Photograph of a
starting plume produced
in one of Griffiths and
Campbell’s (34) labora-
tory experiments, in
which a hot, red-dyed
plume was injected at a
constant rate at the bot-
tom of a tank of cooler
fluid. The darker regions
of the plume' represent
the highest content of
original (dyed) plume
source material. The
lighter regions represent
surrounding fluid that
has been heated by the plume and thermally
entrained into the rising flow. Because the plume
material is hot, it has a somewhat lower viscosity
than the surrounding fluid, enhancing the con-
trast between plume head and plume stem diam-
eters.
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Fig. 2. Regional map (2) with stippled areas
showing the Wrangellia terrane locations dis-
cussed in the text.

The Daonella beds are immediately over-
lain by either subaerial basalt or, locally, by
pillowed basalt of the Nikolai Greenstone.
The lack of intervening shallow water de-
posits implies that uplift was rapid. An uplift
rate of ~5 mm/year is implied if the Da-
onella beds were deposited at ~500 m water
depth and no more than ~1 million year
separated deposition of the last Daonella bed
from extrusion of the basal basalt of the
Nikolai. The Nikolai Greenstone reaches a
cumulative thickness of >3500 m. Mainly
subaerial basaltic volcanism continued
throughout most of the Carnian and ceased
abruptly toward the end of the late Car-
nian—a time span of 4 to 5 million years.

Intrusion of large gabbro and diabase sills
into Permian and Middle Triassic sedimen-
tary rocks locally accompanied basaltic vol-
canism (22). Dikes are much scarcer than
sills throughout Wrangellia, and no sheeted
dike complex has been found that would be
indicative of crustal extension during volca-
nism.

With cessation of volcanism, marine sed-
imentation commenced, first with tidal car-
bonate rocks (sabhka facies) of the Chiti-
stone Limestone, then through a thick
(>1000 m) subsidence assemblage of inner
platform carbonate rocks, outer platform
carbonate rocks, and finally the basinal lime-
stone and shale of the McCarthy Formation,
which contains the Triassic-Jurassic bound-

264

ary. Initial subsidence rates were about 0.05
mm/year, but this rate soon diminished to
about 0.01 mm/year or less. No folding or
faulting disrupted stratal continuity for
more than 150 million years (23) before
collision of Wrangellia with North America
(24).

The upper Paleozoic and Triassic stratig-
raphy of Vancouver Island is broadly similar
to that of Alaska (2). This lithic sequence
(25) is mafic volcanic rocks (Nitinat Tuff),
overlain by silicic volcaniclastic rocks (Myra
Formation), overlain by an Upper Paleozoic
fossiliferous limestone (Butte Lake Forma-
tion). The Paleozoic volcanic rocks may be
older than those in Alaska, however. Zircons
from rocks that intrude the Nitinat Tuff
(Tyee Intrusives) yield discordant 23*U/
208Ph ages from 340 to 393 Ma (Mississip-
pian to Early Devonian) (35). Zircons from
the Myra Formation likewise yield ages
greater than 370 Ma (26). Volcanism may
have at least locally extended into the Per-
mian (27).

The Paleozoic rocks of Vancouver Island
are overlain by the Karmutsen Formation,
which is divided into (28) a basal member,
over 2500 m thick, composed of pillow lava,
a middle member, 600 to 1100 m thick, of
pillow breccia and aquagene tuff; and an
upper member, up to 3000 m thick, of
basalt flows, minor amounts of pillow lava,
and some sedimentary layers. The Karmut-
sen Formation contains a much higher per-
centage of pillow basalts and aquagene tuffs,
indicative of formation under water, than
the Nikolai Greenstone of Alaska. However,
there are also subaerial flows in the upper
part of the Karmutsen (28); thus, it appears
that most of the eruptions occurred near sea
level. Like the Nikolai, the Karmutsen For-
mation rests locally upon shale containing
middle Ladinian Daonella fossils (29).

The Karmutsen Formation is overlain by
carbonate rocks whose age and stratigraphic
relations are uncertain (28, 30, 31). The
lower part of this sequence, the upper Car-
nian Quatsino Limestone, is a shallow water
or carbonate platform deposit (31) that
grades upward into the overlying Parson
Bay Formation. The Parson Bay ranges
from late Carnian through Late Triassic in
age, and upper Norian faunas, including

. those containing Monotis subcircularis, are

found in the higher parts of the formation.
These post-Karmutsen formations record
gradual subsidence, as do the Chitistone and
McCarthy Formations overlying the Nikolai
Greenstone in Alaska.

Geochemical data on the Karmutsen ba-
salts offer a possible test of the plume head
model (Fig. 4). Plume basalts are distinct
from MORBs in having lower ey4 and
higher &g, (32). The &yq of samples from the

Karmutsen basalts (33) is higher than that of
most plume-related basalts. This is expected
if the plume head entrained a large amount
of MORB source material in the upper
mantle during its ascent. If the upper mantle
had ey4 of +10 and an Nd concentration of
0.6 ppm (1 times chondritic), and the plume
had an ey4 of 0 to +5 and an Nd concen-
tration of 1.2 ppm (2 times chondritic), the
Karmutsen basalts could have been derived
from a plume that entrained. 40 to 80%
MORB source material in the upper mantle.
This amount is compatible with that pre-
dicted from laboratory plume models (34).
Remelting of lithospheric mantle overlying
the plume head during an oceanic flood
basalt event would also tend to displace the
basalt signature toward the MORB field.
Most plume basalts (for example, Hawai-
ian shield basalts, Icelandic basalts) are
tholeiitic but have incompatible element
concentrations  significantly ‘higher than
MORBEs. Light rare-earth elements (REEs)
are typically moderately enriched in plume
basalts relative to chondritic abundances.
These characteristics are also generally found
in continental flood basalts. Both the Niko-
lai and Karmutsen basalts are almost entirely
tholeiitic (35). Major and minor element
analyses of the Karmutsen basalts indicate
that significant fractionation of olivine,
orthopyroxene, clinopyroxene, plagioclase,
and spinel (29) occurred before eruption.
The rocks show a moderate enrichment of
light REEs relative to chondritic abundanc-
es (36), although a small number of samples
of the Karmutsen basalts have MORB-like
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Fig. 3. Diagrammatic stratigraphic columns
showing the Triassic rocks of Wrangellia exposed
in the Wrangell Mountains and on Vancouver
Island. Occurrence of age-diagnostic fossils indi-
cated by black dots.

SCIENCE, VOL. 254



01

=10
-40

Fig. 4. Nd and Sr isotopic compositions of basalts
from the Karmutsen Formation, Vancouver Is-
land (33), and from the Ontong-Java plateau (48).
Fields of MORB and Hawaiian lavas (HP) shown
for comparison. Large arrows envelope the com-
positions of most plume-derived basalts, and
small arrows show the effect of entrainment of
upper mantle material. Hawaiian data show that
any or all of three factors—entrainment efficiency,
lithospheric melting, and plume composition—
can vary with time; therefore, it may be difficult to
fingerprint plumeés geochemically. The few Kar-
mutsen and Ontong-Java basalts measured have
compostions compatible with a plume origin.

patterns where the light REE are slightly
depleted (29). Using 11 different plots for
major and minor elements, Barker et al. (29)
concluded that the Karmutsen basalts were
arc-related. However, in all but one diagram
the samples fall largely within or across fields
of within-plate basalts and normal or en-
riched MORBs. Although some samples fall
in the arc fields, there is no overall basis for
ruling out a plume origin.

In summary, the major and minor ele-
ment compositions and the isotopic compo-
sitions of the Triassic Wrangellian basalts are
consistent with a plume origin. They tend to
be transitional between MORB and typical
within-plate basalts associated with estab-
lished plumes, both in terms of chemistry
and isotopic compositions, as is expected if
they were derived from partial melting of a
plume head.

We seek to explain the origin of the
Nikolai and Karmutsen basalts on the basis
of the stratigraphic and geochemical data
summarized above. A synthesis of the geo-
logical history of Wrangellia is shown in
Fig. 5. The phase of rapid uplift followed by
flood volcanism is difficult to explain in
terms of normal island arc activity. Earlier
suggestions share the common attribute of
rifting of either the Paleozoic island arc
complex or rifting of an adjacent, contem-
poranecous island arc (the Wallowa terrane)
(29, 33), in analogy to the post-Miocene
tectonic evolution of the Marianas volcanic
arc and back-arc rift system. However, such
models are inadequate in a number of re-
spects. First, there is no compelling evidence
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for large amounts of crustal extension and
graben formation (normal faulting) or even
significant tilting in the older sedimentary
strata. Instead, the basalt flows appear to be
nearly flat-lying and are conformable with
the underlying sedimentary rocks. Second,
the widespread emplacement of gabbroic
sills and the lack of sheeted dike complexes
also implies that the crust did not undergo
significant extension during the eruptions
(although minor extension must have oc-
curred in order for the basalt to have been
erupted through the crust). Third, during
rifting of an arc one would expect subsid-
ence and submarine volcanism at depths
comparable, perhaps, to those of mid-ocean
ridges. Instead, the basalts are largely sub-
aerial or shallow submarine basalts. Fourth,
the Paleozoic island arc complex underlying
much of Wrangellia was ~100 million years
old at the time of the basalt eruptions, unlike
in the Marianas, where a young arc was
rifted (37). An alternative model involving
rifting of an adjacent, active arc (29) does
not explain evidence (sills and dikes) that the
Nikolai and Karmutsen basalts were erupted
through the underlying sedimentary rocks.
We propose that a large hot diapir of deep
mantle material, a starting plume, rose be-
neath the oceanic lithosphere, which hap-
pened in this case to have been an old island
arc complex. Rapid uplift of the ocean floor
preceded the sudden onset of a huge partial
melting event involving both deep (en-
riched) mantle and thermally entrained (de-
pleted) upper mantle material (see Fig. 1) as
well as, perhaps, preexisting oceanic litho-
sphere and island arc crustal material. Dur-
ing melting the oceanic Moho may have
acted as a density filter, resulting in eruption
of almost purely tholeiitic lavas produced by
crystal fractionation from a more picritic
melt (picrites are only present locally as
ultramafic cumulates associated with the
gabbroic sill complexes). Gradual thermal
subsidence of the lithosphere followed the
abrupt termination of basaltic volcanism.
The presence of thickened crust (arc volca-
nics, sediments, and flood basalt) as well as,
perhaps, an underlying lithosphere of highly
refractory residual material made this prov-
ince difficult to subduct. Rather, it was

accreted onto the continental margin of
North America.

The plume initiation model for Wrangel-
lia may apply to other large oceanic plateaus.
The Kerguelen and Ontong-Java plateaus
are the two largest oceanic plateaus. The
Kerguelen plateau appears to be basaltic
(38) and to have formed between 110 and
115 Ma at the present-day location of the
Kerguelen hot spot (39-41). The Rajmahal
Traps of eastern India also formed at the
Kerguelen hot spot at ~117 Ma (42). Plate
motions have juxtaposed the older Ker-
guelen plateau again against the active hot
spot, so that the smaller northwest part of
the plateau represents recent hot spot activ-
ity. Davies et al. (40) suggested that even
carlier activity of the hot spot may be
marked by the 135-million-year-old Bun-
bury basalt in southwestern Australia and
the ~124-million-year-old Naturaliste pla-
teau; however, recent plate reconstructions
(43) do not support these associations.

Geochemical studies (38, 44) suggest that
the plateau basalts were produced by melt-
ing of an enriched OIB-type source contam-
inated by a depleted MORB-type source and
components derived from continental litho-
sphere (45), as expected in a rising plume
head (34) (Fig. 1). The volume of basalt in
the older part (115 Ma) of the Kerguelen
plateau could be as much as 10 million km?
(40), and the crust under both plateaus may
be thicker than normal (46).

The mid-Cretaceous Ontong-Java plateau
has been postulated to have formed, as has
Iceland, at an on-ridge hot spot over a
period of ~50 million years or more (47) or
as a flood basalt associated with a plume
head at the beginning of the Louisville hot
spot track (1). Geochemical data from the
Ontong-Java (and Manihiki) plateaus are
consistent with either of these models (48,
49).

Analyses of drill cores of the bottommost
sediments overlying the basaltic basement
suggest that the Ontong-Java plateau
formed at about 120 Ma (50); *°Ar-3°Ar
dating of a basalt sample from the island of
Malaita, possibly an obducted fragment of
the margin of the Ontong-Java plateau [but
see (51)], also yields an age of about 120 Ma

Fig. 5. Schematic subsidence and
uplift history of Wrangellia as de-
duced from analysis of the strata
(fossil ages) underlying and overly- &
ing the Nikolai and Karmutsen 3
greenstones; m.y., million years. J

Island Arc
Subsidence
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(8). Multiple *°Ar-*°Ar incremental heating
dates from older DSDP (Deep-Sea Drilling
Program) basement samples (site 289) and
from ODP (ocean-drilling program) sam-
ples (site 807) on the high central plateau
yield ages of 120 to 124 Ma (52). Tarduno
et al. (53) also argued from paleomagnetic
and stratigraphic evidence that the entire
plateau formed in a brief portion of the early
Aptian between ~121 and 124 Ma. Basalts
from sites 289 and 807 show similar major
and trace eclement as well as isotopic
geochemical signatures (48, 54). These data
suggest that the bulk of the Ontong-Java
plateau basalts were erupted very rapidly at
about 120 to 125 Ma, consistent with the
plume head model.

Much of the Caribbean plate has long

been recognized as anomalously shallow and .

thick (55, 56). Multichannel seismic reflec-
tion profiles suggest that the western Co-
lombian Basin is an oceanic plateau formed
by basalts extruded onto preexisting oceanic
crust (57). This group of basalts also in-
cludes formations throughout the Greater
Antilles, along the northern coast of South
America from Trinidad to the Guajira Pe-
ninsula of Columbia, and along the Pacific
margin from central Guatemala south to
Ecuador, in addition to the basinal basalts
(59).

Most radiometric dates on the Caribbean
basalts are Late Cretaceous, between about
80 and 90 Ma. The top of the basalt horizon
ranges from latest Turonian in the Venezu-
elan Basin (DSDP sites 146, 150, and 153)
to.early Campanian on the lower Nicara-
guan Rise (site 152) (58). Basaltic eruptions
thus appear to have terminated at ~80 Ma
. over a broad area. Exposures show mostly
pillow basalts [including picrites and ko-
matiites (60)] interlayered with marine and
terrigenous sedimentary rocks; mafic and
silicic intrusive bodies are also found. Many
of these formations are thought to have been
emplaced as allochthonous blocks or thrust
sheets (for example, in Venezuela and Co-
‘lumbia), perhaps similar to the emplacement
of Wrangellia. Basalt thicknesses range as
high as 9 km in a number of locations (59).
In at least one case (the Villa de Cura Nappe
in Venezuela), basaltic volcanism appears to
have been preceded by uplift.

Although_ the Late Cretaceous basalts of
the. Caribbean are oceanic and have been
classed as ophiolites, they do not represent
normal mid-ocean ridge - activity. These
rocks have both mid-ocean ridge (MORB)
and ocean island (OIB) affinities (59). The
total volume of anomalously thick basaltic
crust emplaced is at least several million
cubic kilometers. Plate tectonic reconstruc-
tions for the Caribbean region (61) show
that a stationary Galapagos plume would
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have been located beneath the Venezuelen
basin at about the time of these voluminous
eruptions and that the Caribbean Basalt
Province may have been the result of the
initiation of the Galapagos hot spot (1).

In order to understand better the genesis
of these huge oceanic basalt plateaus, aspects
of the plume head model need to be inves-
tigated further. Although it is plausible that

sublithospheric partial melting in a rising

plume head ~600 to 1000 km in diameter
and ~100° to 250°C hotter than ambient
mantle is sufficient to generate the large areal
extent and erupted volumes of continental
flood basalts and oceanic plateaus (1, 5, 62,
63), we lack dynamical models combining
the physics of solid-state convection and

smelt extraction as a plume head encounters

the lithosphere. It is unclear how such a
huge volume of mantle source material can
move through a shallow melting region in
just a few million years. Small-scale convec-
tion within the flattening plume head may
be important (64). Similarly, we lack models
for the uplift history and tectonic response
of the lithosphere during a plume head
melting event.

Certain aspects of Wrangellian geology
may provide unique constraints on models
of flood basalt petrogenesis. The duration of
uplift and volcanism (<5 million years)
show that flood basalt events occur rapidly.
The short duration of precursory uplift and
flood basalt eruption in Wrangellia, along
with the age (~100 million years) of the
preexisting lithosphere, have another impor-
tant implication. In the absence of exten-
sion, significant thinning of the lithosphere
could not have occurred quickly; conse-
quently, melting temperatures and depths
must have been somewhat greater than
those advocated by either White and Mc-
Kenzie (4) or Griffiths and Campbell (5).
We suggest that the Wrangellian flood ba-
salt resulted from melting of a plume head at
least ~250°C hotter than ambient mantle at
depths of ~70 to 200 km (63).

Wrangellia may differ in one important
way from other oceanic plateaus: The Trias-
sic basalts of Wrangellia make up only part
of the total crustal section, whereas almost
the entire crustal section of some major
oceanic plateaus may form during single

. flood basalt events. It is possible that pieces

of Wrangellia were accreted (as opposed to
subducted) only because the flood basalts
overlay a thick section of island arc crust,
and that oceanic plateaus are more typically
subducted.

Our model for oceanic plateaus contrasts
to Larson’s (65) suggestion that the mid-
(and Late) Cretaceous oceanic plateaus and
continental flood basalts were caused by a
single “superplume.” Some of these basaltic

events occur at the beginnings of known hot
spot tracks, and we consider it implausible
that a single plume could cause such widely
separated and distinct eruptive events. In-
stead, we suggest that a number of new
mantle plumes were formed during a short
period of time, although they might have
been related to the development of large-
scale thermal structure in the mantle during
the mid-Cretaceous (66).

Many circum-Pacific accreted terranes
were formed during the Triassic, and these
terranes generally contain major basaltic for-
mations. It seems likely that some of these
accreted terranes are remnants of oceanic
plateau flood basalt events. Both the Triassic
and Cretaceous basaltic flare-ups correspond
to periods of major continental breakup;
this observation suggests that mantle plume
initiation events may have an important,
perhaps episodic, role in Earth history.
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The DNA Binding Arm of A Repressor:
Critical Contacts from a Flexible Region

NEIL D. CLARKE,* LEsA ]J. BEAMER,T HARRY R. GOLDBERG,

CAROL BERKOWER, CARL O. PABOF

Segments of protein that do not adopt a well-ordered conformation in the absence of
DNA can still contribute to site-specific recognition of DNA. The first six residues
(NH,-Ser'-Thr?-Lys®-Lys*-Lys®>-Pro®-) of phage A\ repressor are flexible but are
important for site-specific binding. Low-température x-ray crystallography and codon-
directed saturation mutagenesis were used to study the role of this segment. All of the
functional sequences have the form [X]'-[X]?-[Lys or Arg]3-[Lys]*-[Lys or Arg]®-
[X]S. A high-resolution (1.8 angstrom) crystal structure shows that Lys® and Lys* each
make multiple hydrogen bonds with guanines and that Lys® interacts with the
phosphate backbone. The symmetry of the complex breaks down near the center of the
site, and these results suggest a revision in the traditional alignment of the six A

operator sites.

LTHOUGH THE WELL-CHARACTER-

ized DNA binding motifs (helix-

turn-helix, zinc finger, and so forth)
use stably folded units of secondary struc-
ture for recognition, flexible regions can also
contribute to site-specific recognition. Un-
fortunately, crystallographic studies of such
segments are difficult because residual disor-
der in these segments may result in a poor
electron density map. In order to address
these problems in studying a flexible DNA-
binding segment of \ repressor, we (i) de-
termined the crystal structure of the repres-
sor-operator complex at low temperature to
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reduce thermal motion and (ii) performed
an exhaustive genetic and biochemical anal-
ysis to test the functional relevance of the
observed crystal structure.

We have focused on the first six residues of A
repressor. This segment has been referred to as
an “arm” because of the way it wraps around
the operator DNA (see Fig. 1). Nuclear mag-
netic resonance (NMR) experiments clearly
show that this segment is flexible in solution

_(1). Previous crystallographic studies of the

protein by itself or of the protein bound to
DNA showed only weak electron density for
the arm (2, 3). However, despite its inherent
flexibility, the arm plays a critical role in DNA
binding and deletion of the arm results in a
greater than 8000-fold reduction in DNA
binding affinity (4).

The NH,-terminal arm of \ repressor has
the sequence (NH,-Ser'-Thr®-Lys®-Lys*-
Lys®-Pro®-). In order to understand how this
segment contributes to DNA binding, we first
tested the functional significance of each resi-
due. In separate experiments, each codon in the
arm was randomly mutated by oligonucleotide
cassette mutagenesis of a plasmid-borne gene
encoding the amino-termirial domain of \ re-
pressor (5). Subsequent transformation into
Escherichia coli and selection for resistance to
phage infection allowed us to identify a large
number of functional sequence variants in the
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