cene time is regionally heterogeneous and is
partitioned into six domains that have inde-
pendent histories and styles of late Cenozoic
deformation (4). These domains are separat-
ed by zones of extension and strike slip.
Tectonic rotation and internal deformation
of the MDB 'domains are regarded as pro-
duced within a belt of regionally distributed
right shear that Dokka and Travis termed
the Easterri California shear zone. At least
65 km- of ‘right slip is believed to have
occurred across this zone; this accounts for 9
to 14% of the motion between the North
American and Pacific plates since 10.6 Ma
(4). Because of kinematic and temporal simi-
larities; this shear zone is thought also to
mcludc the southern Death Valley and the
ad]accnt Furnace Creek fault zones (Flg 1).

. This heterogeneous strain model is based
on field mapping, which shows that most
northwest-striking faults in the MDB lack
continuity across the block; that with only
one cxccptlon the faults fall into two distinct
groups separated across an east-oriented
strip of terrain that passes through Barstow;
afid that there is a major discrepancy in the
slip values on individual faults to the south
and their projected counterparts to the
north. This model differs substantially from
regionally distributed sunple shear models
(9) that require continuity of the faults, and

_uniform slip across the entire MDB.

The newly observed faults provide sup-
porting evidence for the heterogeneous
strain model. The Broadwell Lake fault is
limited: in extent, in common with other
right-slip faults in the area to the northeast
(Bristol Mountains and Granite Mountains
faults) and west (Ludlow fault). The fault is
situated in an area of dominant right shear
that reportedly shows no evidence of rota-
tion (20). A net slip of 0.5 km is predicted
for. this fault from the combined right-slip
offset that is believed to have been accom-
modated since 10 Ma in the central and
castern Mojave Desert. The model also pre-
dicts about 35 km of late Cenozoic right
shear along the: nearby Bristol Mountains
and Granite Mountains faults.

‘The Cady Mountains and the SBF are
situated in an area of dominant left slip. The
SBF marks the southern limit of this area, as
predicted by the heterogeneous strain mod-
el. Paleomagnetic declination studies from
the Cady Mountains indicate contrasting
rotations - of crustal blocks in this region.
Whereas most blocks were rotated clockwise
an average of ~50° prior to about 18 Ma,
the southwest Cady Mountains appear to
have rotated about 124° clockwise (7). De-
formation ‘during rotation was accom-
plished .in. part by left-slip motion on a
number of internal faults that include the
north strand of the Cady fault.
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In summary, the enhanced TM images
have allowed the recognition of important
faults overlooked by field geologists, the
field investigation of faults so recognized,
the regional analysis of their significance,
and the associated implications for models
of tectonic evolution in the MDB. These
results show effective use of multispectral
image analysis for tectonic studies in com-
plexly deformed terrain at local and regional
map scales. They also show that previous
mapping of faults in the study area was
inadequately representative. Continued field
mapping guided by remote sensing image
analyses over wider areas of the Mojave
Desert can improve understanding of defor-
mation in this region.
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Reversal of Creatine Kinase Translational Repression
by 3’ Untranslated Sequences

J. Lar C. CE’NG,* DAvVID L. SHOEMAKER, PAUL SCHIMMEL,

EpwarD W. HOLMEST

A subline of U937 cells (U937D) was obtained in which creatine kinase B (CK-B)
messenger RNA was present and bound to ribosomes, but CK activity was undetect-
able. Transformation of U937D cells with retrovirus vectors that contain the 3’
untranslated region (3’ UTR) of CK-B messenger RNA exhibited CK activity with no
change in abundance of CK-B mRNA. The 3’ UTR formed a complex in vitro with a
component of S100 extracts from wild-type cells. This binding activity was not
detectable in $100 extracts from cells that expressed CK activity after transformation
with the 3' UTR—containing vector. These results suggest that translation of CK-B is
repressed by binding of a soluble factor or factors to the 3' UTR.

COMMON FEATURE OF EUKARYOTIC
mRNAs is a 3" UTR of variable
length. In some genes, the primary
sequence of the 3' UTR is conserved across

species (1), implying that a function exists
for these sequences. Stability of mRNA can
be regulated by interaction of the 3’ UTR
with soluble cellular proteins (2). The 3’
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Fig. 1. Polysome profile of CK-B and HPRT mRNA in U937D cells. After cen tion of cell
extracts (10® cells; 38,000g, 45 min), supernatants of 108 cells were applied to a 10-ml 10 to 40%
sucrose gradient (7). After fractionation, RNA was cthanol precipitated, phenol/chloroform extracted
twice, and ethanol precipitated a second time (13). RNA from each fraction was assayed by RNase
protection analysis (14) with 32P-labeled antisense RNA probes complementary to CK-B (4) and HPRT
mRNAs. The 960-nt CK-B probe was synthesized from a DNA template that contains part of exon 4,
intron 4, exon 5, and 3’ flanking DNA (7). Two regions of this probe are protected by CK-B mRNA, a

195-nt fragment corresponding to exon 4, and a 405-nt fragment corresponding to exon 5 (7). The
mgxon of the autoradiogram shown illustrates the 195-nt CK-B fragment. The HPRT probe is

590

195

to the 5’ terminus of HPRT mRNA, and the 590-ntﬁ-agmcntofd\cprobcprotocted
by HPRT mRNA is illustrated. The bands for the respective probes are from the same auto

but the length of expos

ure is different for the two probes because HPRT is more abundant than CK-B

in the U937D cell line. Fraction 1 is the top of the gradient.

2 3
CK-B — ” - — 1005
HPRT — ” . e — 590
- .

Ratio: 0.7 0.7 0.7
CK Activity: <0.5 3.4 <05

Fig. 2. CK-B mRNA abundance and enzyme
activity in wild-type and transformed U937D
cells. Total RNA was isolated (15), and 50 pg of
RNA was used for each RNase protection analysis
(14). CK-B mRNA was quantitated with a probe
synthesized from a human CK-B cDNA (16).
This probe is complementary to the 3' terminal
1005 nt of CK-B mRNA. It was selected for these
studies because of its ability to distinguish be-
tween the endogenous CK-B mRNA and the
retroviral transcript. Endogenous CK-B mRNA
gives a 1005-nt protected fragment with this
probe, while the rctrovnral transcript yields pro-
tected ts of 405 nt (exon 5) and 195 nt
(exon 4). The HPRT probe, which serves as an
internal control, gives a protected fragment of
590 nt. Lane 1, wild-typc cells; lane 2, cdls
transformed with the retrovirus vector con

the 960-bp CK-B gene fragment (8); lane 3, clls
transformed with the retrovirus vector alone.
Transcript abundance was estimated by densitom-
ctry, and the ratio of CK-B signal to HPRT signal
is tabulated at the bottom of the figure. CK
enzyme activity in extracts from the respective cell
lines was determined by a sensitive radiochemical
assay (17), and the activity is reported in milliunits
per milligram of protein. A milliunit is the
amount of enzyme required to convert 1 nmol of
creatine to creatine phosphate in 1 min.
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UTR may also participate in translational
control (3), but little is known about the
molecular mechanisms underlying such reg-
ulation. Expression of CK-B, a pivotal en-
zyme in cellular energy metabolism, is regu-
lated by stage-specific, tissue-specific, and
hormonal signals (4). Because the 3' UTR
of this gene is conserved (5), we sought to
determine if the 3’ UTR is involved in
posttranscriptional control of CK-B expres-
sion.

Posttranscriptional control of CK-B
expression was initially suggested by the
serendipitous finding of a subline of U937
cells (6) (U937D), which had undetectable
CK activity (<0.5 mU/mg) yet had CK-B
mRNA (Figs. 1, 2, and 3). The 1.6-kb CK-
B mRNA in these cells was associated with
polysomes, as determined by its sedimenta-
tion in sucrose gradients (Fig. 1). The peak
of CK-B mRNA occurred at the same posi-
tion in the gradient as observed previously
with another U937 cell line in which CK-B
mRNA is translated (7). These results sug-
gest that expression of CK-B mRNA is
blocked at a step subsequent to ribosome
binding in the U937D subline.

To determine if a fragment of the CK-B
gene that contains the 3’ UTR functions in
translational control of CK-B mRNA, we
transformed U937D cells with a retrovirus
vector that expressed the 3’ UTR (7, 8). In
three independently isolated populations of
transformed cells, previously undetectable
CK activity now ranged from 3.4 to 7.5
mU/mg. CK activity remained undetectable
in cells transformed with the vector alone
(Fig. 2). Two other enzyme activities, aden-
osine monophosphate (AMP) deaminase
and hypoxanthine phosphoribosyltransfer-
asc (HPRT), remained unchanged in cells
transformed with the vector containing CK-
B sequences, suggesting that the effect was

A B

1005 —

405 — .

Ratio: 30

CK Activity: 3.4 1.0
Fig. 3. Relative abundance of endogenous CK-B
mRNA and retroviral transcripts. RNA was iso-
lated and quantitated as described in the legend to
Fig. 2. (A) RNA from cells transformed by the
retroviral vector containing the 960-bp CK-B

fragment. The probe used for these analyses is
described in Fig. 2. The 1005-nt protected band

is derived from the endogenous mRNA; the 405-
nt protected band is derived from exon 5 of the
retroviral transcript. See legend to Fig. 2 for the
sizes of the protected bands for the
respective transcripts. (B) RNA from cells trans-
formed by the retroviral vector with the 505-bp
CK-B fragment containing the 3' UTR. The
probe used to analyze RNA from these cells is
described in Fig. 1. The retroviral transcript gives
a 505-nt protected band. Endogenous CK-B
mRNA gives two bands; the 405-nt band (exon
5) is shown. See legend to Fig. 1 for an explana-
tion of the protected ts expected for CK-
B mRNA. The ratio of the retroviral transcript to
endogenous CK-B mRNA, based on densitome-
tric scans of the autoradiograms, is tabulated at
the bottom of the figure. CK enzyme activity in
extracts from the respective cell lines was deter-
mined with a radiochemical assay (17), and the

activity is reported in milliunits per milligram of
protein.

specific for CK activity. The abundance of
CK-B mRNA was not increased in the
transformed cells, which had an increase in
CK activity (Fig. 2). In these transformants,
the retroviral transcript was nearly 30 times
as abundant as cellular CK-B mRNA (Fig.
3A).

To localize the region of the 960-nucleo-
tide (nt) CK-B fragment that was responsi-
ble for increased CK activity, we subdivided
this fragment into two segments. By cleav-
ing at the Nci I restriction site 4 nt down-
stream of the stop codon in CK-B (7, 8), we
obtained a 455-nt fragment that consisted of
predominantly 3’ coding sequences, and a
505-nt nt that contained the 3’ UTR.
Each fragment was ligated into a retrovirus
vector (7, 8). Multiple cell lines transformed
with the 455-nt 3’ coding fragment ex-
pressed the retroviral transcript in amounts
comparable to those shown in Fig. 3A;

~ however, CK activity remained undetectable

in these transformants. Only one of five lines
transformed with the 505-nt fragment re-
tained the portion of the retroviral transcript
containing the CK-B 3' UTR, and the
retroviral transcript was produced in rela-
tively low amounts (= a 1:1 ratio with the
endogenous mRNA) (Fig. 3B). Measure-
ment of CK activity in this cell line on two
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occasions demonstrated CK activity that
ranged from 0.8 to 1.0 mU/mg (Fig. 3B).
The lower CK activity in these transfor-
mants as compared to cells transformed with
the 960-nt CK-B fragment may be due to a
lower abundance of the retroviral transcript
relative to endogenous mRNA or to the
deletion of 3’ coding sequences from this
transcript. However, these results demon-
strate that the 3" UTR participates in post-
transcriptional control of CK-B expression.

We suggest that relief of translational
repression is responsible for the increase in
CK activity that was observed following
transformation of U937D cells with vectors
containing the 3' UTR of CK-B. We have
not formally excluded that a full-length,
inactive CK protein is activated posttransla-
tionally or that another CK gene is induced.
However, it would be unusual for the 3’
UTR to effect enzyme activity or transcrip-
tion of another gene.

Translational repression could possibly be
achieved by binding of a factor or factors to
the 3" UTR. The retroviral transcripts that
contain CK-B 3" UTR sequences may re-
lieve translational inhibition by competing
in trans for such a factor. Band shift analyses
(9) were used to detect a 3’ UTR-binding
activity. When the full-length, 960-nt CK-B
RNA was incubated with S100 extract (10)
from control U937D cells, a discrete ribo-
nuclease (RNase)-resistant complex was ob-

'I |

served (Fig. 4A, lane 2). When human
HPRT RNA was incubated with the same
S100 extract, this RNase-resistant complex
was not observed (Fig. 4B). Addition of a
tenfold excess of unlabeled, CK-B RNA
diminished the intensity of the complex
formed with CK-B RNA and S100 extract
(Fig. 4A, lane 3). The S100 extracts from
transformed cells that expressed the 960-nt
CK-B RNA fragment and displayed CK
activity, did not give rise to RNase-resistant,
gel-retarded complex (Fig. 4A, lane 4).
Therefore, the in vitro binding results corre-
lated with the in vivo expression of CK
activity. If a similar complex forms in vivo,
this complex might sediment during prepa-
ration of the $100 extract from transformed
cells, because the retroviral transcript that
contains the CK-B sequences is polysome-
associated (7).

When incubated with the 505-nt CK-B
RNA fragment, which contained the 3’
UTR, S100 extracts from wild-type U937D
cells produced an RNase-resistant complex
that was similar in mobility to the complex
formed with the 960-nt CK-B RNA frag-
ment (Fig. 4A, lane 5). The 405-nt 3’
coding region of CK-B RNA did not gener-
ate this complex (Fig. 4A, lane 6), localizing
the binding site to the 3' UTR of CK-B
RNA. The factor or factors that bound to
CK-B RNA was probably proteinaceous,
because complex formation was destroyed

Fig. 4. Identification of
a CK-B 3’ UTR binding
activity.  Sense  RNA
probes corresponding to
the indicated regions of
CK-B or HPRT were
synthesized from the ap-
propriate in vitro tran-
scription plasmid, and
the RNA was purified
by denaturing polyacryl-
amide gel electrophore-
sis (14). Gel retardation
analyses were performed
as described (9). The
probes were labeled with
[**PJUTP (10° dpm, =~
20 nM RNA), and incu-
bated with 40 pg of
S100 extract (10) at 4°C
for 30 min. One unit of
RNase T1 was added for

10 min, followed by heparin sulfate (5 mg/ml) for an additional 10 min. Protein/RNA complexes,
indicated by the arrow, were resolved on a 4% non-denaturing polyacrylamide gel at 8V/cm for 3 hours.
(A) Binding studies with CK-B RNA. Lanes 1 to 4, 960-nt CK-B RNA containing 3’ coding and non-
coding sequences; lane 5, 505-nt 3' UTR region of the 960-nt CK-B fragment; lane 6, 455-nt 3’ coding
region of the 960-nt CK-B fragment. RNA probes were incubated with: lane 1, 960-nt RNA with no
protein; lane 2, 960-nt RNA with S100 extract from wild-type cells; lane 3, 960-nt RNA with extract
from wild-type cells plus a tenfold molar excess of unlabeled 960-nt CK-B RNA; lane 4, 960-nt RNA
with S100 extract from cells transformed with the retrovirus vector containing the 960-bp CK-B
fragment; lane 5, 505-nt 3’ UTR RNA with $100 extract from wild-type cells; ldne 6, 455-nt 3' coding
RNA with S100 extract from wild-type cells. (B) Binding studies with HPRT RNA. A 590-nt HPRT
probe was used for these studies. Lane 1, HPRT RNA with S100 extract from wild-type cells; lane 2,
HPRT RNA with §100 extract from cells transformed with the retrovirus vector containing the 960-bp
CK-B gene fragment; lane 3, HPRT RNA, no protein.
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by treatment of the S100 extract with pro-
teinase K (11).

Based on our results, we hypothesize that
some portion of the 3" UTR of CK-B
mRNA, possibly one or more of the highly
conserved regions, binds to soluble proteins
in U937D cells. This complex may then
block translation at a step subsequent to
initiation. Because expression of the CK-B
gene is extensively regulated (4), it may be
that translational repression is utilized to
control CK-B expression in some cells.
Studies with CYC1 and pyruvate kinase
from yeast, human interferon-B, frog ferri-
tin, mouse protamine 1 (3), and clam ribo-
nucleotide reductase (12) suggest that
expression of other genes may be regulated
by their 3’ untranslated sequences.
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Blocking of the Initiation-to-Elongation Transition by
a Transdominant RNA Polymerase Mutation

MikHAIL KASHLEV, JOOKYUNG LEE, KATYA ZALENSKAYA,
VADIM NIKIFOROV, ALEX GOLDFARB*

RNA polymerase, the principal enzyme of gene expression, possesses structural
features conserved in evolution. A substitution of an evolutionarily invariant amino
acid (Lys'* — Arg) in the B subunit of Escherichia coli RNA polymerase apparently
disrupts its catalytic center. The mutant protein inhibited cell growth when expressed
from an inducible promoter. The assembled holoenzyme carrying the mutant subunit
formed stable promoter complexes that continuously synthesized promoter-specific
dmuclcotldes but that did not enter the elongation step. The mutant polymerase
mhlblted transcription by blocking the access of the wild-type enzyme to promoters.

.4 NA-DEPENDENT RNA POLYMER-
D ase is a multifunctional enzyme

‘that carries out the prmc1pal bio-
chemical steps of gene expression, including
specific promoter binding, melting of the
DNA double helix, template-directed de
novo initiation, processive elongation, and
release of RNA at terminators. Although we
have a fairly detailed phenomenological un-
derstanding of these steps of RNA polymer-
ase fuhctional cycle (1), our knowledge of
the underlying molecular structures is limit-
ed (2). These structures, however, must be
universal among living organisms, since the
general multisubunit architecture of the en-
zyme (3-5) and the primary amino acid
sequence of its subunits [(6), see Fig. 1A]
are remarkably conserved.

We used the molecular genetic approach
to study RNA polymerase structure func-
tion, focusing on the B subunit of the
enzyme from Escherichia coli, which is en-
coded; by the E. coli rpoB gene (7). The B
subunit has a homolog in every living orga-
nism (Fig. 1A) and has been implicated in
each basic step of the RNA polymerase
functional cycle (8). Our strategy is to engi-
neer in vitro rpoB mutations leading to the
substitution of evolutionarily conserved
amino acids in the hope to selectively inacti-
vate individual basic functions of the en-
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zyme. For example, a mutation might dis-
rupt the polymerase catalytic center so that
the enzyme binds to promoters but fails to
make RNA. Obviously, such a mutation
would be dominantly lethal because the
mutant polymerase would in effect become a
nonspecific repressor of transcription. For
this reason, the mutations are engineered
and maintained in a’tightly repressed copy
of rpoB. The second element of our experi-
mental system is the in vitro assembly of a
homogeneous preparation of the mutant
RNA polymerase from individually overex-
pressed subunits, which is necessary for a
biochemical analysis of the defect. The de-
tails of this technology are to be published
elsewhere (9). Here we describe an rpoB
mutation that blocks the “escape” of RNA
polymerase from the initiation complex, in-
terrupting the transcriptional cycle at an
intermediate step.

The sites for mutagenesis were chosen on
the basis of affinity cross-linking mapping of
amino acids in the vicinity of the RNA
polymerase active center (10) combined
with the homology sequence alignment
(Fig. 1A). Two Lys (K) to Arg (R) substitu-
tions, K1065R and K1051R, were con-
structed in the rpoB gene cloned into the
pMKA92 expression plasmid (Fig. 1, A and
B).

In the genetic system for the analysis of
the mutants’ phenotype (Fig. 1C), the Rif-
sensitive host strain AJ6207 carries amber
mutations in its chromosomal rpoB and lacZ
genes and also harbors the Lac repressor—
producing plasmid pLacI?. Such cells are
absolutely dependent on the presence of the
supU suppressor tRNA specified by an F’

episome. Because of this dependence, the
host strain never segregates Lac™ variants.
When the mutant' K1051R B subunit was
expressed in this host from the pMKA92-
derivative plasmid, the cells became rifampi-
cin-resistant. Under these conditions,
IPTG-dependent Lac™ segregants appeared
with the frequency of about 2%, indicating
that the plasmid-borne B could complement
the chromosomal rpoB defect (IPTG, iso-
propyl-B-p-thiogalactopyranoside). Such a
phenotype is identical to the one conferred
by the induction of the wild-type B. Thus
mutation K1051R did not affect the vital
functions of RNA polymerase. In contrast,
the AJ6207 cells, as well as other hosts
carrying the mutation K1065R encoded in
the pMKA92-derivative plasmid, failed to
form colonies on IPTG plates altogether,
indicating that the cell cannot tolerate the
mutate B subunit. Thus we classify the
K1051R and K1065R alleles of rpoB as
silent and dominant negative, respectively.
Yet, in spite of its toxicity, the K1065R
polypeptide accumulates -in substantial
amounts when induced with IPTG in liquid
culture and is deposited in the insoluble
fraction of the cell, as does the wild-type B
(11, 12).

For the biochemical analysis of the mu-
tants, RNA polymerase holoenzymes con-
taining the K1051R and K1065R 8 sub-
units were reconstituted in vitro from indi-
vidually overexpressed subunits (13) and
tested in a standard in vitro transcriptional
assay with T4 DNA as the template. The
specific activity of K1051R polymerase was
indistinguishable from that of the intact
wild-type polymerase, whereas the K1065R
enzyme showed no detectable activity (Fig.
2A). This result correlates with the mutants’
phenotypes described above.

We next addressed the question whether
the K1065R polymerase would interfere
with the functioning of active enzyme in the
in vitro system. For this purpose, standard
reactions were set up with a limiting amount
of T4 DNA template,. to which increasing
amounts of the mutant polymerase were
added together with a fixed amount of
normal enzyme. The KIO065R enzyme
strongly inhibited the normal reaction (Fig.
2B). At a 1:1 ratio of the mutant to the
wild-type enzyme, this inhibition was al-
most fivefold and reproducible. The inhibi-
tion was not observed when transcription is
performed at DNA excess, suggesting that
competition for a DNA target is the basis
for the inhibition.

To find out whether the K1065R enzyme
forms specific promoter complexes, we used
the DNA gel retardation assay (14, 15) with
a 130-bp DNA fragment carrying the Al
promoter of bacteriophage T7 (15). The
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