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ABSTRACT
We have isolated and characterized a Neurospora crassa gene homologous to

the yeast CYH2 gene encoding L29, a cycloheximide sensitivity-conferring
protein of the cytoplasmic ribosome. The cloned Neurospora gene was isolated
by cross-hybridization to CM!. It was sequenced from both cDNA and genomic
clones. The coding region is interrupted by seven intervening sequences. Its
deduced amino acid sequence shows 70% homology to that of yeast ribosomal
protein L29 and 60% homology to that of mammalian ribosomal protein L27',
suggesting that the protein has an important role in ribosomal function. The
pattern of codon usage is highly biased, consistent with high translation
efficiency. There is a single copy of this gene in N. crassa, and R.
Metzenberg and coworkers have mapped its genetic location to the vicinity of
the cyh-2 locus.

INTRODUCTION

Ribosomes are composed of 50 to 80 different proteins and 2 to 4
different RNA molecules, the exact number of each depending upon the source.
Both prokaryotes and eukaryotes regulate the synthesis of ribosomal components
under a variety of growth conditions (reviewed in 1, 2). As a consequence,
ribosome biogenesis is an excellent system for studying the mechanisms used to

regulate a large group of functionally related genes.
The isolation of cloned genes for ribosomal proteins has proven

invaluable to the study of gene regulation. Nomura and coworkers used cloned
genes to demonstrate that, in most cases, the regulation of ribosomal protein
gene expression in E. coli is subject to feedback inhibition at the level of
translation (reviewed in 3). In eukaryotes, cloned genes have been used to
show that ribosomal protein genes are not clustered as in E. coti, many are

present in more than one copy, and most contain one or more introns (reviewed
in 4). Additional studies have delimited transcriptional promoter elements in
yeast (5-10) and in mice (11), and have detected post-transcriptional control
of ribosomal protein production in yeast (12-15).

In addition to serving as an attractive model system for the study of
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gene expression, ribosomal protein genes are of interest from an evolutionary
point of view. Ribosomes isolated from diverse organisms show similar subunit
structure, and the mechanism for translating nucleic acid sequences into
proteins is comparable in all systems analyzed. Therefore, one would expect
the functionally important structures of ribosomal components to be conserved
from one organism to the next. Indeed, a vast database of rRNA sequences has
been compiled, and these molecules do have conserved structures which are
important to ribosome function (reviewed in 16). More recently, the sequences
of ribosomal protein genes from several sources have been determined, and the
deduced amino acid sequences have been compared to reveal some intriguing
homologies. In particular, the homologies found between proteins that confer
sensitivity to the drugs cryptopleurine (cry) and cycloheximide (cyh) are

especially striking. The amino acid sequence of the yeast CRY1 protein (rp59)
is 80% identical to that of ribosomal protein S14 from hamsters and humans,
and 37% identical to that of Sll from E. colti (17, 9). The sequence of the
yeast CYHe protein (L29) is 62% identical to that of mouse L27 (18, 19). The
apparently strong evolutionary constraints upon the structures of these
proteins suggest that they play key roles in translation.

We have begun to study the genes for proteins from both cytoplasmic and
mitochondrial ribosomes of Neurospora crassa, to investigate the control of
their expression and to study structure-function relationships of the genes
and their products. We report the first sequence for a cytoplasmic ribosomal
protein gene from N. crassa. The cloned gene was isolated by cross-
hybridization with CYH2 from yeast. Its coding region is interrupted by seven
intervening sequences, all of which conform fairly well to the consensus
pattern for N. cra.ssa introns. The deduced amino acid sequence is 70%
identical to that of yeast L29 and 60% identical to that of mouse L27',
indicating that this protein has an important role in ribosome function. The

pattern of codon usage is highly biased, consistent with the expectation that
the mRNA for this gene is translated efficiently. We show that there is one
copy of this gene in the N. crassa genome, and R. Metzenberg and coworkers
have used restriction fragment polymorphism mapping to localize this gene to
the area of the cyh-2 locus on linkage group V.

MATERIALS AND METHODS
Phages, strains, and plasmids

The XJ1:74A genomic library was a gift from M: Orbach and the laboratory
of C. Yanofsky (Stanford University). It was constructed by cloning 10 to 23
kb Sau3A fragments from a partial digest of Neurospora crassa (strain 74A) DNA
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between the BomaI sites in replacement vector XJ1 (20). XJ1 clones were

propagated in E. coti strain DG75 (21).
The Xgtll library of N. c'rassa cDNA was constructed by M. Sachs (22), and

was a gift from the laboratory of U.L. RajBhandary. Xgtll clones were
propagated in E. coti strain Y1090 or Y1088 (23).

Fragments of N. craossa DNA from phage clones were recloned into pUC18
(24), and propagated in E. coti strain JM103 (25).

The cloned gene for yeast CYH2 (18) was a gift from J. Teem.
Neurospora crassa strain nuc-1, a slime mutant lacking a cell wall, was a

gift from R. Metzenberg (University of Wisconsin).

Screening and isolation of phage clones
E. coti was pre-infected with phage and plated in top agarose essentially

as described by Maniatis et at. (26) for plating bacteriophage lambda. X.1

clones formed plaques on DG75 after 12 to 15 hours at 37-C. Xgtll clones in

Y1090 were preincubated at 42C for one hour, and then formed plaques after 4

to 6 hours at 37'C. Phage plaques were blotted, and their DNA denatured and

immobilized onto nitrocellulose filters by the method of Schleif and Wensink

(27).
DNA-DNA hybridizations were performed using modified BLOTTO procedures

(28). Normal stringency prehybridization and hybridization treatments were in

50%formamide, SxSSC (0.75 M NaCI, 75 mM sodium citrate), 0.5% non-fat dry
milk. Incubations were overnight (15-20 hours) at 42-C. After hybridization,
the filters were washed three times for 30 minutes each in 15% formamide,
2xSSC (0.3 M NaCl, 30 mM sodium citrate), 0.1% SDS at 42-C, then briefly
rinsed in 2xSSC. Low stringency prehybridization and hybridization treatments

were in 1OxSSC, 0.5% non-fat dry milk. (Recently, however, we have discovered
that prehybridization in a filtered solution of 1OxSSC, 5% milk appears to

give better blocking and cleaner backgrounds for low stringency hybridization.
Filters are then briefly rinsed with 1OxSSC, 0.5% milk, 0.05% SDS and treated
as usual for hybridization.) Incubations were for 20 to 24 hours at 50-C.

Post-hybridization washes were as above, except that the wash solution
contained 1OxSSC, 0.5% milk, 0.05% SDS, and incubations were at SOC.

Probes for hybridizations were fragments of cloned ribosomal protein
genes, labelled at their 5' ends and gel purified as described by Maxam and
Gilbert (29). Isolated probe fragments were passed through spin columns of

Sephadex G-50 resin (30, 26) to remove gel particles. 5 x 105 CPM were used
for 137 mm filters and 2 x 105 CPM were used for 82 mm filters.

Preparation and analysis of DNA
Pure recombinant phage from the Xgtll library were propagated in Y1088 in
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liquid culture, separated from host nucleic acids by tossing with a slurry of
DEAE-cellulose, and subjected to DNA extraction, using methods described by
Silhavy (31). Attempts to prepare phage DNA from XJ1 clones by this same
procedure failed, probably due to slow phage propagation. Instead, XJ1 phage
were propagated on plates. Phage were eluted from plates and purified by
passing them through a column of DEAE-cellulose as described by Carlock (32).

N. crassa DNA was prepared from strain nuc-1. This wall-less mutant was
grown in 7.5% sorbitol, 1.5% sucrose, lxVogel's salts (33) with gentle
agitation at 30C. Cells were harvested and broken in 15% sucrose, 10 mM
Tricine-KOH (pH 7.5), 0.2 mM EDTA, with 15 to 20 strokes of a Potter
homogenizer. Nuclei and cell debris were pelleted at 1000 x g for 30 minutes.
The pellet was resuspended in 20 mM Tris-HCI (pH 7.5), 2 mM EDTA, and
membranes were lysed by the addition of Sarkosyl to 2%. 0.7664 g CsCI/ml of
final volume were added. This solution was centrifuged at 20,000 RPM in an
SW28 rotor for 2 hours, and the protein/lipid clot was removed from the
surface and discarded. CsCI density gradients were established by
centrifugation, and DNA was recovered from the gradients as described by
Maniatis et at. (26).

N. crassa DNA was digested with restriction enzymes and the fragments
were fractionated by electrophoresis on 1% agarose gels in Tris-acetate buffer
using procedures described by Maniatis et at. (26). Restriction patterns were
transferred to nitrocellulose by the Southern (34) transfer method, and
hybridized with 5 end-labelled probes as described above for phage blots.

Plasmid DNA was prepared from stationary cultures using the boiling
procedure described by Maniatis et at. (26), and twice purified on CsCl
gradients.

The nucleotide sequence of both genomic and cDNA clones in pUC18 was

determined by the Maxam and Gilbert method (29).

RESULTS AND DISCUSSION
Isolation of clones and determination of nucleotide sequences

The CYHf gene, which encodes cytoplasmic ribosomal protein L29 of
Saccharomyces cerevisiae, was used as a hybridization probe to isolate a clone
for the analogous gene from Neurospora crassa. The 600 bp XhoI-BgtII fragment
of CYH2, which spans the 3' half of its single intron and two-thirds of the
coding region (18), was used to screen a genomic library of N. crassa DNA in
XJ1. A single phage clone was isolated using low stringency hybridization.
Phage DNA was prepared, digested with restriction enzymes, and hybridized with
the CYHN probe to identify fragments which contained the N. crassa gene. A 4
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kb EcoRI fragment was identified, recloned into pUC8, and partially sequenced.
Nucleotide sequence homology between the yeast gene and the N. crassa DNA was
used to establish a reading frame for the N. crassa cytoplasmic ribosomal
protein gene (crp-1). Additional short stretches of sequence, which encoded
multiple translational stop signals, were found between blocks of homology in

crp-I but were absent from the yeast gene. The latter suggested that crp-1
contains several closely spaced introns. In addition, this first genomic
clone encoded a polypeptide corresponding to only the amino-terminal one-
fourth of L29, and ended in what was later identified as intron 5 of c'rp-1.

To determine, unequivocally, the protein coding sequence of crp-1, cDNA
clones were isolated and sequenced. The 180 bp XhoI-PstI genomic fragment
(indicated by a "cl in figure 1B), which contains exons 3 and 4 and introns 2
and 3, was labelled and used to screen a Xgtll library of N. crassa cDNA using
normal stringency hybridization. Fifteen positive clones were identified
among roughly 3000 plaques. DNA was isolated from eight, and the three

longest cDNA inserts were recloned into pUC18 for sequence determination.
To complete the genomic DNA sequence of crp-1, additional XJ1 clones were

A
E HD D HWP P H E
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B
0 8 00 N S X P H 0 HHOP P H

Figure 1. Positions of restriction endonuclease sites and strategy for
sequencing of DNA. Horizontal arrows indicate the direction and extent of
sequence determination from cDNA (A) and genomic DNA (B) clones. The vertical
dotted line indicates the position of the XJ1 polylinker at the
3' end of the first genomic clone. Only restriction sites used for sequencing
are shown. B, Bans/I; D, DdeI; E, EcoRI; H, Hinjff; N, NciI; P, PstI; S, SatI;
X, XhoI. Positions of coding sequences are indicated with thickened lines.
Intron positions are shown on the cDNA map with vertical arrows. The Ic on
line B indicates the 180 bp XhoI-P8tI fragment used as a probe to isolate cDNA
clones. Asterisks indicate fragments used in the mixed probe for the genomic
southern hybridization (figure 6).
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-760 -750 -740 -730 -720 -710
CCACACCACT ACTACTOACT CCTTCTATGA CCTGGTCGAC TTQGTACAAC AAGTCCTCTA

-700 -690 -0 -670 -460 -
ATAGTAMTO TCATOCACTO ACCATATCT COCACTAACA AGTTCOACTT AOGCTATCC

-640 -630 -620 -610 -60 -590
COATCACCAG TTCTGGTGM OCCOGCGOACTA CGAACCAMT CTOTOOTTAT CGGGMTOAC

-680 -570 -560 -550 -640 -530
CATOTrCOCA ACTCOGTOGA TOTGOTCOOC TGAGAAGATO TMGTGAGGG CTOGCTCTOTC

-620 -510 -500 -490 -480 -470
TTMAAOCACG TTCTOGGMC ACAGGGCAAC GATOOCTOGO CTOCTCGCCA GTTTMTCCT

-460 -460 440 -430 -420 -410
AGAGATGTAG MCACAGAAC ATOGAGGOC AGTCAOCCCC ATCTTGCAGC AACACAAAAC

-400 -390 -360 -370 -360 -350
ATOTOTOTCA AAC ACGC OACTCCAOCC AGATCOACAA TrTCOACCAA OGATCCAAAC

-340 -330 -320 -310 -300 -290
AGGATGATAG GATGATAGGA TOATOTrOM COCAAGAGOO CTCAAGTOG ACCAGCTOAG

-280 -270 -260 -250 -240 -230
OGACAAOGCT TAGCCATAGA CCCTAACCCT CCTTGATOAA CCOGAAATAT GTOOCTTOTC

-220 -210 -200 -190 -180 -170
GAGCTGOTAC OCTGGCCTTG OCACACACCA ATTGCAGCGA GAGGMACCGT GTGGCTTGAG

-160 -150 -140 -130 -120 -110
TGCOTGOTGC GCTCAAOCC COCAOCTTGG ACCACCACTT GTGCCCACCA AAAAAAATAC

-100 -90 -80 -70 -0 -50
ACACCCCTM ATrroACTTo TACOAGACCC GTOMGCGTC TCTTAGAAGC ATCAACCGAC
-40 -30 -20 -10 .1 +10
OTCGACAGAA CGAG/CTTCAT CCOCACCACC AGCAGACMC ATG GTATGG CAATTGCTGC

act

+20 +30 +40 +50 +60 +70
ACGACTATCG CAGOACAA COCTGATTCA GTTATTATOT AG CCT ACT CGG Tm TCC

pro thr arg ph- ear

+80 +90 +100 +110 +120
MG ACA AGA MG CAC CGC GSA CAT OTAAGCGCC CCCTCGAGCT TTGTCGTCGC
Lys thr arg lye hi. erg gly hw.

+130 +140 +150 +160 +170 $ +180
COAITCGACA GATCACTCAC TGTAGTOATT TTATAG OTT TCC GCC GGT MG CC

vat aer aLa gty lye gly

+190 +200 +210 .220 +230
CTATGTC GCCAACCGAT CAACCGACCG ATAAACACGA ACGAGTATTG ACAGCATTAT

+240 +250 +260 +270 +280
TCCAG C COT CTC GOC MC CAC AGA MO CAT CCA GG GTACC TACCGCCGCT

erg etw gty Lye hi. arg Lys his pro gly

.290 +300 +310 +320 +330 +340
TCTCCAGATT CGAGGACGGOAATATGAT OCTMCAATG GGAACAG T GCT CCT OGT ATO

gty erg gLy met

+350 +360 +370 +380 +390 .400
CCC GOT GOT CAC OTATOCCC ATACAACTC CAACGACTCC ATCTCOAUM CACOCOATAC
eLa gly gly gtn

.410 .420 .430 40 450
TAACCCOACO ATMO CAC CAC CAC CGT ACC MAC CC OAT C T OTACOCA

hi. hi. hi. agrg tr ean la MP Lye
+460 +470 +460 +490 .500 +510
ACCCCOMA TMAACOTCO OCOCATOTrO SAGGOCOCAT CGTTCMCCT CMCTCCO

.520 +30 +540 .S50 .S60 +570
ACATOCOACC A¢GCCTFOCC CCTCOATATA ATOAAAATM ACOCTCACOA TOACOCATAG
+.50 590 +600 +610 420
AC CAC CCT OCT TAC TTC OCT MC OTC GOCT ATO AGO CAC TTC CAC CTC CTC
ty hi. pro gly tyr p- gy Lye vaL gly mt arg hi phe hi Les Le
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.630 .640 .6S0 660 .670 *680
CCC MC CAC CAC TOOCCC CCC ATC CTC MC ATT GAG MC CTC TOO ACT CTC
arg aen hie gl tip aLa pro iLe Leu amn ile glu Lys Leu trp thy Leu

.690 .700 *710 .720 .730
GTC CCC OCT GAG GCC CCC CAG MO TAC CTC TCT COT CCC CCC ACC GAG ACT
vat pro aLa gLu la avrg glu Lye tyr vaL sar gly aLa aLa thr glu thr

.740 *750 .760 *770 *780
OCT CCC GTC ATC CAC CTC CTT TCC CAC GCC TAT GCC MG CTC CTC GGC MO G
aLa pro waL iL. amp Leu Leu ser hi gly tyr ala Lye leu Leu gly Lye

*790 *800 .810 .820 *830 .840
GTMAA ACMCAAMT OCAMAAMAC ACCCCCGAGA ACGCTCGTCT MCMCACAT TCTAG CC

gLy

.850 .860 .870 +880 +890
COT CTC CCC CAB GTC CCC ATC GTC GTC COT CCC CCC TAC GTC TCC CCC CAG
arg leu pro gLn wal pro iLe vat vaL arg aLa arg tyr val sev aLa gLu

.900 .910 *920 .930 .940
OCT GAG CGC MG ATC MG GAG CCC GCT CGT GTC ATT GAG CTC GTT OCT TM A
ala glu arg Lye iLe Lye glu ala gly gLy wal iLcA glueu waL aLa e.e

.950 .960 .970 .980 .990 .1000
TTCTGAATGC GGCATGATAT ATTCMGGAC TGGCGAMTG CCATCACCGT ACGAGGGCA

.1010 .1020 .1030 .1040 .1050 +1060
CCGGAAACGA ACCCGATGGT CATGGATCGA ACAGTCGCAC AACGMCAACM CCACMGATT

+1070 .1080 .1090 .1100 .1110 .1120
CCGTCCCGGA GTCCTGCATG GGTCAOAGGT OGTTGAAAAT CTCAGCCCCCT CGTCTGCAGC

+1130 .1140 .1150 .1160 .1170 .1180
AMAGGGM ATGGCAGTTC AMCCATCO CMCATTGGC TCCGCGA1TT CCTTCACMC

.1190 +1200 .1210 .1220 .1230 .1240
COTGCCATGC TOCAGACTOC CGMCTCGCC TGCTCCCGAC CCGTMCCC COGCCGCCGCT

.1250 .1260 .1270 .1280 .1290 .1300
CCOTCGCMA CTCCTGATrC AGGCGCMGT MCGAATAM TGMGGCCTA TGCCCGACGG

.1310 .1320 .1330 .1340 +1350 +1360
TCGCTTGATC TCA/TCCATGA OCAMCCTT COCCATTGTG MCTTCMCA TTCCTCCAGA

+1370 .1380 .1390 .1400 .1410 +1420
AGCCCACMTI CACCACGTTO GAMGTTTG TCCTGTCGTC ATGTCATGAC MCCCCAOTG

+1430 .1440 .1450
TGACGCCCTT ATATGCCCTM OTCTG

Figure 2. DNA sequence of the crp-l gene and deduced amino acid sequence of
the encoded ribosomal protein. Slashes mark the beginning and end of the
longest cDNA sequence. Sequences homologous to transcriptional control
elements from yeast ribosomal protein genes are underlined. An arrow marks
the position of the intron in yeast CYH2.

isolated and pieces recloned as described above, using fragments from the 3'

ends of the cDNA clones as hybridization probes. This second group of genomic
clones had the same 5' end as the first clone, but continued 6 kb farther in
the 3' direction. A 750 bp SaII fragment of upstream sequence and a 2.6 kb
SaII fragment of coding plus downstream sequence were recloned into pUC18 for
sequence determination.

The nucleotide sequence of crp-1 was determined from four of the
independently isolated, overlapping clones--two of cDNA and two of genomic
DNA. Both strands were analyzed for the entire coding region, as well as for
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760 nucleotides of upstream and 500 nucleotides of downstream sequence
(figures 1 and 2).
Upstream homologies

Analysis of the upstream sequence from crp-l revealed short stretches
homologous to conserved elements found in yeast. Sequence comparisons of
yeast ribosomal protein genes have identified three blocks of homology, in
defined order--HOMOLI (consensus, A A C A T C C/T G/A T A/G C A), RPG
(consensus, A C C C A T A C A T T/C T/A), and a thymine-rich region--120 to
450 nucleotides upstream from the transcriptional start site in most of these
genes (35, 36, 6). HOMOLI and RPG are unique to ribosomal protein genes;
however, the T-rich region may be related to poly dA-dT stretches (6), which
have been shown to function as promoter elements for constitutive

transcription of "housekeeping" genes in yeast (37). A computer-facilitated
search for similar elements in crp-1 detected a block of sequence at

nucleotides -351 to -340 that matches HOMOLI in 9 of 12 positions, and a

second block at nucleotides -269 to -261 that matches RPG in 7 of 12 positions
(underlined in figure 2). In addition, poly dA-dT stretches were found at
nucleotides -111 to -102 and -93 to -87.

Deletion analyses have demonstrated that the conserved ribosomal protein
gene elements are essential for high level expression in yeast (6-9). In
addition, binding assays indicate that a single protein factor from yeast
extracts interacts with both HOMOLI and RPG sequences (5, 10). Analogous
studies in Neurospora are essential to determine what role, if any, the
homologous elements from cirp-1 play in transcription.
Intron sequences

The coding region of crp-l is interrupted by seven intervening sequences,
as deduced by comparing cDNA and genomic DNA sequences. These show general
agreement with the consensus sequences for Neurospora introns at the 5' and 3'
junctions and for an internal sequence, as illustrated in figure 3. I5 is one
notable exception, in that its 3' junction is TAAG rather than pyrimidine-AG.

It can be noted that the internal conserved sequence for yeast introns is
one of the eight possibilities for N. crassa introns (bottom of figure 3).
Although it has not been demonstrated yet in N. crassa, the invariant A in the
internal conserved sequence presumably serves as the branch site for lariat
formation during intron excision, as seen for type II introns of yeast and
mammals. Thus, the splicing machinery of N. crassa must require less
stringent adherence to primary structure than that of yeast. However, it is
stricter than that of higher eukaryotes, in which no internal conserved
sequence has been identified.
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Ii CTATOG----GCTGATT----11----TAG 47 bp

I2 GTAACC----ACTOACT----12----TAG 50 bp

I3 GTATGT----ATTGACA---- 9----CAG 62 bp

I4 GTACGT----OCTAACA---- 7----CAG 62 bp

IS GTATGC---ACTAACC---- 6---TAAG 83 bp

IS GTACGC----QOCTGACG---- 8----TAG 126 bp

I7 CTAAOA----TCTAACA---- 8----TAG 61 bp

N. crasa A A A T C
consensus GTA CT---- CT AC ---9-16--- AG

C G Q A T

S. cere'Aiae
consensus GTATGT---TACTAACA--18-53--PyAG

higher
eukaryot TAAGT---------------------CAG
consensus

Figure 3. Comparison of ctrp-i introns with consensus sequences from
Neurospora crassa, Saccharomyces cerevisiae, and higher eukaryotes (20). 5'
and 3' splice junction and internal conserved sequences are presented. The
internal numbers indicate nucleotides separating internal conserved sequences
from the 3' splice signals. Lengths of ctrp-i introns are given to the right
of each in base pairs (bp).

The positions and lengths of the introns in crp-i seem to be typical as
well. I1 through 5 are clustered within the first one-fourth of the coding
region in ctrp-I (figures 1 and 2). The only other N. crassa gene reported to
have nearly as many introns, the P-tubulin gene, has five of its six introns
similarly located in the first one-fourth of the coding region (20). This

structural similarity may be a coincidence however, since in other N. crassa

genes that contain only one or two introns, these introns are not necessarily
restricted to the 5' end. Notably, the gene for histone H3 has a single
intron in the middle of its coding region (38), and the gene for the
proteolipid subunit of mitochondrial ATP synthase is interrupted by its second
intron immediately before the last codon (39). In yeast, most ribosomal
protein genes have a single intron near their 5' ends. Interestingly, the

position of the intron in CYH2 (indicated by an arrow in figure 2) does not
correspond to any of the seven introns in crp-1. In addition, all seven
introns in crp-i are quite short, which seems to be typical for N. crassa.
The introns in ctrp-i range in size from 47 to 126 nucleotides (figure 3). The
longest intron reported for N. crassa, I1 of p-tubulin (20), is 240
nucleotides in length. In contrast, introns of yeast range in size from 300
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to 500 nucleotides, and introns of higher eukaryotes can be several kilobases
in length.
Amino acid homology and codon usage

The deduced amino acid sequence is highly conserved between Neurospora
crassa crp-1 and Saccharomyces cerevisiae CYH2. In addition, the gene
sequence for mouse L27' was reported recently, and it is homologous to those
of the fungal proteins (19). The fungal genes encode proteins of 149 amino
acids, or approximately 16,500 mw, whereas the mouse gene encodes a protein of

148 amino acids. 50% of the amino acids are identical in all three proteins,
as illustrated in figure 4. The N. crassa crp-1 protein is 70% homologous to

yeast L29 and 60% homologous to mouse L27'. The homology is most extensive in
the amino-terminal one-third of the sequences, where 80% of the residues are

identical in all three proteins. Eight proline and seventeen glycine residues

are conserved. Mouse L27 has an additional proline and there are four

glycine residues that are not aligned, but all are in the carboxyl halves of
their respective proteins. Therefore, the overall shapes of the amino-

terminal portions of these proteins must be quite similar. Mouse L27'
contains two cysteine residues, one in the middle and one near the carboxy-
terminus, which are absent from the fungal proteins. If these cysteines form
a disulfide bond, the conformation of the mouse protein might be different
from those of the fungal proteins in the carboxyl end.

It is of interest that the amino-terminal portions of these proteins are
so highly conserved, since this region surrounds the position of two mutations
giving rise to cycloheximide resistance in yeast. In the yeast mutants,

glutamine 37 (indicated by an arrow in figure 4) is replaced by either

glutamate or lysine (40). This position is normally occupied by methionine in

mouse L27'. Therefore, for normal protein structure, this position apparently
must be filled by a residue which is large and polar, but not charged. In

addition, this position is followed immediately by three histidines and an

arginine, reminiscent of an enzyme active site. Since this region of the

protein is conserved over a long evolutionary distance--from fungi to a

mammal--there must be strong constraints upon its structure, indicating that
it serves an important function in protein synthesis. Indeed, cycloheximide
inhibits the EF-2 mediated translocation of peptidyl-tRNA on eukaryotic
ribosomes (41, 42). The cycloheximide-sensitivity conferring protein may be
involved in this function directly, or indirectly by interacting with another
ribosomal protein that is involved.

The cryptopleurine-sensitivity conferring protein presents a picture
similar to that for cycloheximide. Cryptopleurine and cycloheximide block the
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N. crassa t proLthr ser lye thr arg lye his arg gly
yeast met) pro r arg Dhethr lye thr arg lye his arg gly
mouse et pro r arg arg lys thr arg lyeleeuarg gly

hlis val ser &la gly lye gly a-rg-Lval Igly lye his arg ly- his pro
'his val ser ala gly IY- gly arg ile gly lys bis arg lys his pro

gly gly arg gly met ala gly gly gin h a h a arg thr acn leu
1le gly arg gly met ala gly gly ln his his his arg ie asn met
ser giy ar yraenlala g= g_ mi phe

asp lye tyr hi- pro gly tyr ph. gly lye val gly aet arg hi ph.
asp lye tyr his pro gly tyr phe gly lys val gly met arg tr phe
asp lye tyr his pro gly tyr phe gly lys val gly met arg hetyr

hin leul leu rarfj asn h
gin rp ala pro iie

his 1 gln ln alal his phet lys pro val euai nleu asp lye
is leu lysearg asnlgln ser phe cys pro thr an leu asp lys

leu trp thr leu val prolala glu ala arg glu lyes [yrj val ser gly
leu trp thr leu lepro giu asp lys arg asp gln tyrj leu|ly ser
pro i trp thr leu val ] ser glu gln thr arg val asn ala ala aly asn

jaia1ala thr glu thr ala pro val ile asp leu[leulser his gly tyr
lala ser lys glu thr ala pro val ile asp thr leuala ala gly tyr
lys thr gly val ala prolii. ii. asp val vai arg ser gly tyr

ala lys leu leu gly lys gly arg leu pro gln pro ile val val
gly lye ile leu gly lys gly arliepro asn val pro val ile val
tyr lye val leu gly lys gly e pro lye gin pro val ile val

ar ala arg t r val ser ala glu ala gin ar lye ile giu a
lye ala arg val *er lys leu ala glu glu lys ile ar ala ala
lye ala lye ph. ph. serarg arg ala glu glu lye ii. lye gly val

gly gly val ile glu leu val ala
gly gly val qlu leu ie ala
gy a cys vallleu val a

Figure 4. Comparison of the deduced amino acid sequences for the crp-1
protein and homologous ribosomal proteins. The amino acid sequences of the N.
crassa c'rp-l protein, S. cerevisiae L29 (18), and mouse L27' (19) are shown.
Identical residues are enclosed in boxes. Glutamine 37, the site of mutations
giving rise to cycloheximide resistance in yeast, is marked with an arrow.

same step in protein synthesis (42). However, whereas cycloheximide acts upon
the large ribosomal subunit, cryptopleurine interacts with the small subunit.
As might be expected, the ribosomal protein affected by cryptopleurine is
highly conserved. The sequence of the CRY1 protein of yeast (rp59) is 80%
identical to that of L14 of hamsters and humans, and 37% identical to that of
Sll from E. coti (17, 9).

Although the deduced amino acid sequences of N. crassa crp-l and yeast
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Nc Sc Nc Sc Nc Sc

phe UU 1 0 pro CCU 2 1 Iys AM 0 6
ULC 2 5 CCC 5 1 MG 13 12

1W s CCA 1 6 T3 18
CCG 0 0

leu UUA 0 0 I 8 asp GAU 1 1
UUG 0 9 GAC 1 4
CUU 1 0 thr ACU 3 4 1 5
CUCl 11 0 ACC 2 0
CUA 0 0 ACA 1 1 glu CM 0 5
CUG 0 0 ACG 0 0 GAG 8 0

il AUU 2 3 ala CCU 4 8 cys UGU 0 0
AUC 4 6 GCC 10 3 UGC 0 0
AUA 0 0 CCA 0 1 0 0

IF GCG 0 0
iT 12 trp UGG 2 2

met AUG 3 4
tyr UAU 1 1 arg CGU 5 1

vaI GU 2 6 UAC 4 4 CGC 5 0
GUCl 10 4 5 1 CGA 0 0
GUA 0 0 CGG 1 0
GUG 0 0 his CAU 2 3 AGA 2 11

1i1f CAC 10 7 AGG 1 0
1T i 174 11

ser AGU 0 0
AGC 0 0 gIn CAA 0 4 gly GGUJ 12 18
UCU 1 2 CAG 3 0 CCC 5 0
UCC 4 2 4 CCA 1 0
UCA 0 1 CCC 0 0
UCG 0 0 asnMU 0 1 18 18

5I MC 3 2
13

Figure 5. Comparison of codon usage patterns for the N. crassa crp-1 (Nc) and
S. cerevisiac CYH2 (Sc) ribosomal protein genes.

CYH2 are homologous, their patterns of codon usage differ and are biased
towards the patterns for highly expressed genes in their respective organisms.
As mentioned above, all eight proline residues are in conserved locations;
however, the nucleotide sequences encoding them differ (figure 5). Neurospora
preferentially uses CCC for proline, whereas yeast uses CCA. Highly expressed
genes in Neurospora show a bias toward codons ending in pyrimidines rather
than purines. In the case of two-codon families where a purine is the only
choice in the third position, guanine is preferred and adenine is avoided.
Crp-1 uses only five codons ending in adenine, and completely avoids A-ending
codons for several two-codon families (gin, glu, and lys). As might be
expected, the degree of bias seen in the crp-1 gene is similar to that of tub-
2, the gene for p-tubulin (20), but slightly less stringent than that of the
more abundantly expressed histone genes (38).
Gene copy number and chromosomal location

In eukaryotes, ribosomal protein genes can be represented at varying copy
numbers in the genome. Duplication of ribosomal protein genes is common in
yeast. In those cases studied, investigators have shown that both copies are

expressed, but at different levels (43, 44). In addition, yeast must have
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Figure 6. Determination of copy number for the crp-1 gene. 5 pg of N. crassa
DNA from strain nuc-1 was digested with BaoII (B), EcoRI (E), Hind[II (H),
PstI (P), SaLI (S), or XhoI (X). DNA fragments were separated by
electrophoresis on a 1% agarose gel, transferred to nitrocellulose, and
hybridized with a mixture of S' end labeled fragments from genomic clones
using normal stringency conditions. The probe contained an approximately
equal number of counts of fragments marked with asterisks in figure 1B, which
were prepared for determination of the genomic sequence. A total of 2 x 105
CPM were used.

some mechanism to compensate for unequal copy number, since the proteins
encoded in the duplicated genes do not accumulate above the level of proteins
having single copy genes (45). In mice, ribosomal protein genes are
reiterated from 8 to more than 20 times. However, most copies are processed
pseudogenes and only one or a few intron-containing genes are functional (46,
47, 48). Since crp-l is the first cytoplasmic ribosomal protein gene from
Neurospora to be analyzed, we did not know what type of representation to

expect.
To determine the number of copies for crp-l present in the Netrospora

genome, restriction patterns of Netroepo'ra DNA were probed with pieces of crp-
1 genomic clones using normal stringency hybridization. The restriction
fragments identified (figure 6) are consistent with the digestion pattern
predicted from the restriction map of genomic clones. The crp-l probe
hybridized to single BamfI, EcoRI, HindIII, SaLI, and XhoI fragments,
indicating that there is only one copy of crp-1. The EcoRI fragment is
significantly larger than these other hybridizing fragments (10 kb versus 2-4

kb), resulting in a less efficient transfer from gel to nitrocellulose, and
thus a weaker signal. Three PatI fragments of crp-1 were represented in the
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probe - an 800 bp coding fragment, a 1.8 kb upstream fragment, and a

downstream fragment which extends beyond the end of the genomic clones (>3.5
kb). These correspond to the lower (fourth), third, and presumably, second
hybridizing bands in Figure 6 (lane P). The upper hybridizing band is
probably the product of partial digestion. To see if there are any copies of

crp-i lacking introns, an identical pattern of N. crassa DNA was probed with
fragments of crp-i cDNA using normal stringency hybridization. The
hybridization pattern was idehtical to that shown for the genomic probe in
figure 6. Thus, there is one intron-containing copy and no pseudogenes of
crp-i in Neurospora crassa.

To characterize crp-i further, its chromosomal location was determined.
R. Metzenberg and coworkers used restriction fragment length polymorphism
analysis to map crp-i to the area of the cyh-2 locus of linkage group V from
Neurospora crassa (R. Metzenberg, personal communication). Cyh-2 is one of at
least three loci where resistance to cycloheximide has been mapped in
Neurospora (49, 50). Thus, cyh-2 of Neurospora crassa and CYHS of
Saccharomyces cerevisiat apparently encode homologous ribosomal proteins.
Additional experiments are in progress to determine the definitive map
position of this gene.
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