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ABSTRACT: On the basis of the conserved amino acid sequences of the catalytic domain of both soluble and
plasma membrane forms of guanylyl cyclase, we have used the polymerase chain reaction to identify a new
form of guanylyl cyclase that is expressed principally in kidney. The cDNA for this new form (GC-Sg,)
codes for a 76.3-kDa protein, which most closely resembles a 70-kDa subunit (GC-Sg,) of the lung soluble
guanylyl cyclase. The mRNA for GC-Sg is preferentially expressed in lung and brain, whereas GC-Sg,
mRNA is more abundant in kidney and liver. An 86 amino acid carboxyl-terminal region extends beyond
the C-terminus of GC-Sg, and contains a consensus sequence (-C-V-V-L) for isoprenylation/carboxyme-
thylation. This is the first demonstration of heterogeneity among the heterodimeric forms of guanylyl cyclase

and suggests differential regulation.

Guanylyl cyclase activity, unlike that normally seen with
adenylyl cyclase, is generally found in both the particulate and
soluble fractions of tissue homogenates (Kimura & Murad,
1974; Chrisman et al., 1975). Various early studies suggested
that particulate and soluble enzyme activities were due to
different proteins as opposed to translocation of the same
enzyme between cellular compartments (Kimura & Murad,
1974; Chrisman et al., 1975). Eventually, it also became clear
that the primary regulatory molecules were different, in that
nitric oxide, nitrosamines, and other nitrovasodilators stimu-
lated the soluble form whereas small peptides such as atrial
natriuretic peptide stimulated a particulate from (Garbers,
1989).

The mRNA encoding a plasma membrane form of guanylyl
cyclase was first cloned from sea urchin testis (Singh et al.,
1988), which then led to the cloning of a mRNA for a mam-
malian plasma membrane form of the enzyme. An expressed
mammalian guanylyl cyclase was demonstrated to serve as a
receptor for atrial natriuretic peptide (Chinkers et al., 1989;
Lowe et al., 1989). Later, the plasma membrane guanylyl
cyclase family was shown to contain multiple members whose
general topology was similar, but whose primary amino acid
sequence varied considerably within the extracellular, putative
ligand binding region (Chang et al., 1989; Schulz et al., 1989).
The plasma membrane forms appear to be imprinted with a
single transmembrane domain that is followed on the carboxyl
side by a protein kinase like domain that appears important
for proper signaling (Chinkers & Garbers, 1989). Distal to
the protein kinase domain is the cyclase catalytic region
(Chinkers & Garbers, 1989; Thorpe & Morkin, 1990), which
is highly conserved among guanylyl cyclases, and to a lesser
extent among adenylyl cyclases (Krupinski et al., 1989).

' This work was partially supported by NIH Grant 5T32DK 07563.

tThe nucleic acid sequence in this paper has been submitted to Gen-
Bank under Accession Number JO5308.

* To whom correspondence should be addressed at his current address:
Howard Hughes Medical Institute and Department of Pharmacology,
University of Texas Southwestern Medical Center, Dallas, TX 75235.

$Howard Hughes Medical Institute and Department of Pharmacolo-

y.
I Department of Molecular Physiology and Biophysics.

The soluble form of guanylyl cyclase, unlike the plasma
membrane forms, appears to exist as a heterodimer! (Kamisaki
et al., 1986); the mRNA encoding both the a- (Koesling et
al., 1990; Nakane et al., 1990) and B-subunits (Koesling et
al., 1988; Nakane et al., 1988) have been recently cloned from
bovine and rat lung. Diversity within this part of the guanylyl
cyclase family has not been suggested, and general models
depicting soluble enzyme regulation have not considered
possible multiple forms.

The polymerase chain reaction (Mullis & Faloona, 1987)
has been successfully used to clone partial-length cDNAs by
use of degenerate oligodeoxynucleotide primers that correspond
to known amino acid sequences (Lee et al., 1988; Knoth et
al., 1988; Gautam et al., 1989). This strategy has been ex-
tended to identify new members of a multigene family that
share conserved amino acid sequences with known members
of this family: for example, tyrosine kinases and G-protein-
coupled receptors (Wilks et al., 1989; Libert et al., 1989). We
designed degenerate oligonucleotide primers on the basis of
highly conserved amino acid sequences within the putative
catalytic domain that are distinct from the corresponding
adenylyl cyclase sequences (Krupinski et al., 1989) to spe-
cifically amplify partial-length guanylyl cyclase cDNAs from
rat tissues. By use of this technology we demonstrate the
existence of a unique guanylyl cyclase $-subunit that is
preferentially expressed in kidney. This is the first evidence
of diversity among heterodimeric forms of guanylyl cyclase.
General models of guanylyl cyclase regulation, therefore, must
now account for potential differences in these forms across cell

types.

MATERIALS AND METHODS

Amplification of Guanylyl Cyclase cDNA by PCR. All
known guanylyl cyclase amino acid sequences were compared

! The identification of multiple forms of guanylyl cyclase creates the
need for consistent nomenclature. We propose that the heterodimeric
forms of guanylyl cyclase be named GC-S. To reflect the subunit
structure, the enzyme characterized from lung is designated GC-S,;4:,
where al refers to the 82- or 73-kDa subunit and 31 refers to the 70-kDa
subunit.
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ANTISENSE DEGENERATE PRIMER

MPRYCLEG rat/human brain membrane A and B guanylyl cyclases
MPRYCLFG rat/bovine lung soluble guanylyl cyclase P subunit
MPRYCLFG S. purpuratus membrane guanylyl cyclase
KWQYDVWS bovine brain adenylyl cyclase (415-422)
RPQYDIWG bovine brain adenylyl cyclase (996-1003)

G F L C Y R P M
Xba I Bam HI
G

5'—GAATTCTCGAGGAT cc.gAA.IA

G G
.. CA.”TA.ICI.IGG.CAT-3'
AA A

SENSE DEGENERATE PRIMER

VYKVETIGDAYM rat/human brain particulate A and B guanylyl cyclases
VYKVETVGDKYM rat/bovine lung soluble guanylyl cyclase B subunit
VYKVETIGDAYM S. purpuratus membrane guanylyl cyclase

CRRIKILGDCYY bovine brain adenylyl cyclase (346~357)
LEKIKTIGSTYM Dbovine brain adenylyl cyclase (916-927)

\ Y K vV E T V/I G D A/K Y M

Kpn I
Sma I

5'-GAATTCCCGGGTACC GTI.TAZ.AAi.GTI.GAi.ACI.ITI.GGI.GAg.III.TAE.ATG-B‘

FIGURE 1: Degenerate oligodeoxynucleotide primers used to amplify partial-length guanylyl cyclase cDNA. Highly conserved amino acid
sequences from guanylyl cyclases were aligned and compared to the corresponding sequences from two conserved regions in bovine brain adenylyl
cyclase. Sense and antisense degenerate primers were synthesized as shown; deoxyinosine was used for 3- and 4-fold degenerate codon positions.
Restriction sites for subcloning the PCR product were also introduced at the 5 ends.

to identify highly conserved regions. Two peptide sequences
in the putative catalytic domain (Chinkers & Garbers, 1989)
are almost completely conserved among guanylyl cyclases but
are distinguishable from corresponding sequences of adenylyl
cyclase (Krupinski et al., 1989). Degenerate primers were
designed to specifically amplify any guanylyl cyclase containing
such conserved sequences (Figure 1).

RNA (75 ug) prepared from rat brain, heart, kidney, or lung
(Cathala et al., 1983) was used to synthesize cDNA by in-
cubation at 37 °C with murine moloney leukemia virus reverse
transcriptase (2000 units, BRL) and 4 ug of oligo(dT),,-;¢
primer (Pharmacia). Five percent of this cDNA product was
used as a template for PCR? in the presence of 10 mM
Tris-HCI, pH 8.3, 1.5 mM MgCl,, 50 mM KCl, 0.01% gelatin
(w/v), and 0.2 uM of each degenerate primer (sense and
antisense, Midland Certified Reagent Co.). This mixture was
heated to 95 °C for 7 min, followed by 5 min at 72 °C. At
this time 2.5 units of AmpliTaq (Perkin-Elmer/Cetus) was
added, and the PCR proceeded for 30 cycles of 94 °C (1 min),
40 °C (2 min), and 72 °C (3 min). A final 7-min extension
step (72 °C) was performed before termination of the reaction.
The PCR products were digested with Kpnl and BamHI and
directionally cloned into M13 mp18. Clones were sequenced
(Sanger et al., 1977) with Sequenase (USB).

Isolation of Guanylyl Cyclase cDNA. An oligo(dT)-primed,
size-selected (>1.6 kb) cDNA library was prepared from rat
kidney poly(A+) RNA (Chirgwin et al., 1979; Aviv & Leder,
1972) by use of the A-Zap II vector (Stratagene) and hemi-

2 Abbreviations: Denhardt’s solution, 0.2% poly(vinylpyrrolidone),
0.2% Ficoll, and 0.2% bovine serum albumin; G;, guanine nucleotide
binding protein that inhibits adenylyl cyclase; G,, guanine nucleotide
binding protein of unknown function; NMDA, N-methyl-D-aspartate;
PCR, polymerase chain reaction; SSC, 150 mM NaCl and 15 mM so-
dium citrate, pH 7.0; SSPE, 150 mM NaCl, 1 mM EDTA, and 10 mM
sodium phosphate, pH 7.4.

phosphorylated Notl/EcoRI adaptors (Clontech). Approxi-
mately 600000 recombinants were screened with the kid-
ney-specific PCR product that was radiolabeled ([a-32P]dCTP)
by random-primed DNA synthesis. Duplicate lifts with nylon
filters (Hybond-N, Amersham) were denatured with NaOH,
neutralized, and fixed by being baked for 2 h at 80 °C. Filters
were prehybridized in 5X SSC, 40% formamide (v/v), 2.25
mM sodium pyrophosphate, 50 mM sodium phosphate, and
5% Denhardt’s solution for 2 h at 42 °C, followed by addition
of 5% dextran sulfate (w/v), radiolabeled probe, and 100
ug/mL salmon sperm DNA, and hybridized overnight at 42
°C. Filters were washed three times at 70 °C in 0.1Xx SSC,
0.2% SDS (w/v), and 2.25 mM sodium pyrophosphate for 20
min. Fifteen clones were rescued into Bluescript II with R408
helper phage (Stratagene) and isolated; the largest were 2.14
(clone 7) and 2.35 kb (clone 15). The two clones were digested
with EcoRI or Pstl/BamHI and subcloned into M13 mp18
and mp19. Internal DNA sequence of both strands was ob-
tained by shotgun cloning with Sau3Al or specific 17-mer
synthetic primers.

Northern Blot Analysis. A total of 10 ug of poly(A+) RNA
was electrophoresed on a 1% agarose (w/v) gel containing 2.2
M formaldehyde and blotted onto an Optibind membrane
(Schleicher & Schuell) with 20X SSC. RNA was fixed by
being baked for 2 h in an 80 °C vacuum oven. Random-
primed, radiolabeled probes were synthesized with either the
full-length cDNA from clone 15 or rat lung GC-S;; (Nakane
et al., 1988). The membrane was prehybridized at 42 °C in
5% SSPE, 5% Denhardt’s solution, 50% formamide, 0.25%
SDS, and 100 ug/mL salmon sperm DNA for 30 min and
hybridized overnight with the addition of 10% dextran sulfate
and clone 15 radiolabeled probe. The membrane was washed
twice with 2X SSPE and 0.1% SDS for 10 min and twice with
0.1X SSPE and 0.1% SDS for 15 min at 20 °C. After au-
toradiography the membrane was rehybridized with a probe
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specific for GC-Sg; and treated as described above, except that
washes with 0.1X SSPE and 0.1% SDS were performed at 65
°C.

RESULTS

The PCR products from oligo(dT)-primed cDNA from rat
brain, heart, kidney, and lung were approximately 260-270
bp (not shown), which corresponded to the predicted sizes for
the plasma membrane guanylyl cyclases, GC-A (Chinkers et
al., 1989) and GC-B (Schulz et al., 1989), and the low mo-
lecular weight soluble enzyme subunit, GC-Sg; (Nakane et
al., 1988). The PCR product from kidney yielded three
identical clones containing a sequence distinct from GC-A (15
clones), GC-B (5 clones), and GC-Sg, (4 clones). The unique
PCR product clone was then used as a radiolabeled probe to
isolate a full-length cDNA from a library of rat kidney cDNA.

The complete nucleotide sequence of a subsequently isolated
clone (clone 15; 2.35 kb) contained an open reading frame of
2046 bp, beginning with a potential consensus initiation site
at nucleotide position 147. The G at position 150 met one of
the two requirements for optimal initiation of translation, as
outlined by Kozak (1989); however, the T at position 144 did
not agree with the consensus purine (Figure 2). A termination
codon at position 15 is in the same reading frame. If the
predicted initiation site is correct, there are 2046 nucleotides
encoding a protein containing 682 amino acids, which corre-
sponds to a molecular mass of 76.3 kDa (Figure 2).

The amino acid sequence of the kidney-derived guanylyl
cyclase (GC-Sg,) is homologous to that of GC-Sg, the subunit
obtained from rat or bovine lung (Figure 3). The first 62
amino acids of GC-Sg, do not overlap with GC-Sg,, and the
final 86 amino acids of GC-Sg, do not overlap with GC-Sg;.
The intervening sequences are 34% identical, which can be
divided into four regions. Region I (4-91 for GC-Sg; and
65-153 for GC-Sg) is 54% identical, whereas region II
(92-208 for GC-Sg, and 155-211 for GC-Sg) contains almost
no identity; there are also two gaps within the GC-S;, se-
quence. Region 11 (209-372 for GC-Sg; and 212-384 for
GC-Sg,) is 40% identical. Region IV (373-588 for GC-Sg,
and 386-612 for GC-Sg) is highly conserved among guanylyl
cyclases and is a part of the catalytic domain (Chinkers &
Garbers, 1989; Thorpe & Morkin, 1990). In this region
GC-Sg, resembles GC-A (52% identity) more closely than
GC-Sg (43% identity). In contrast, over the entire overlapping
sequences GC-Sg, and GC-S,, are 27% identical.

The final 86 amino acids in GC-Sg, extend beyond the
carboxyl termini of homologous guanylyl cyclase catalytic
domains. A search of GenBank did not reveal substantial
matches between this region and any coding sequence. This
region also contains the sequence -C-V-V-L at the carboxyl
terminus, which meets the consensus sequence requirement
-C-A-A-X (where A represents an aliphatic amino acid and
X is any amino acid) for isoprenylation/carboxymethylation
(Clarke et al., 1988).

The relative distributions of GC-Sg; and GC-S5 mRNA,
as determined by Northern blot analysis, further distinguish
these forms of guanylyl cyclase. The 2.5-kb mRNA corre-
sponding to GC-Sg, was prominent in kidney, with lower
amounts detectable in liver. When GC-Sg; was used as a
probe, however, a 3.3-kb band was seen mainly in lung and
brain (Figure 4), confirming the findings of Nakane et al.
(1988). These investigators also detected low amounts of
GC-Sg)-hybridizing mRNA in kidney, heart, liver, and muscle,
which may not be detectable on our autoradiograph. In ad-
dition to the 3.3-kb band, a band at 4.3 kb is present in lung
(Figure 4); this has not been described previously. It is possible
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that the 4.3-kb band represents an a-subunit, but this band
is not seen in brain, and under the stringent conditions of
hybridization used, the a- and 8-subunits would not be similar
enough to favor cross-hybridization.

DISCUSSION

The presence of at least two different guanylyl cyclase
subunits in both kidney and liver raises questions about reg-
ulatory mechanisms. It has been previously assumed that
because GC-S,, 4, is found in most tissues (Lewicki et al., 1983;
Nakane et al., 1988, 1990), its regulation by nitric oxide and
other related oxidants is universal. This assumption is ap-
parently valid in the case of endothelium-dependent vasore-
laxation, which is a model for the action of nitric oxide (Ra-
poport & Murad, 1983; Waldman & Murad, 1987). Several
vasodilators, including acetylcholine, substance P, and bra-
dykinin, require the presence of vascular endothelium. These
agents stimulate endothelial cells to produce a diffusible
substance known as endothelium-derived relaxing factor, or
EDRF, that then acts directly on vascular smooth muscle cells
(Furchgott, 1984). The structure of EDRF is not entirely
clear, but it is believed that EDRF is either nitric oxide or a
derivative (such as S-nitrosocysteine) of this highly reactive
molecule (Palmer et al., 1987; Ignarro et al., 1987; Tracey et
al., 1990; Myers et al., 1990). Non-EDRF roles for nitric oxide
also have been described in macrophages, where nitric oxide
appears to be a cytotoxic agent (Marletta, 1989), and in
cerebellum, where nitric oxide may mediate the NMDA-in-
duced increases in cGMP content (Garthwaite et al., 1988,
1989; Bredt & Snyder, 1989). The presence of GC-S,4; in
lung, kidney, brain, heart, liver, and testis (Lewicki et al., 1983)
may be associated with the vasculature that is extensive in all
of these tissues.

In addition to nitric oxide several other endogenous agents
are capable of stimulating soluble guanylyl cyclase. Among
these agents are fatty acid hydroperoxides (Hidaka & Asano,
1977; Graff et al., 1978), prostaglandin endoperoxides (Graff
et al., 1978), and dehydroascorbate (Haddox et al., 1978). The
multiplicity of different agents capable of activating soluble
forms of guanylyl cyclase coupled with the newly established
diversity within the soluble enzyme family suggests that general
models of soluble enzyme regulation are still premature.

Unlike the other guanylyl cyclases characterized, GC-Sg,
described here contains a carboxyl-terminal region (86 ad-
ditional amino acids when compared to GC-Sg,) that termi-
nates with the four amino acids -C-V-V-L (Figure 2). This
sequence corresponds to the consensus sequence -C-A-A-X
(where A represents an aliphatic amino acid and X is any
amino acid) required for the posttranslational modification
of members of the ras family (Clarke et al., 1988; Gutierrez
et al., 1989; Hancock et al., 1989; Gibbs et al., 1989). This
consensus sequence is also found at the C-terminus of the
guanine nucleotide binding proteins transducin, G;, and G,
(Clarke et al., 1988). There are at least three steps involved
in the processing of ras: proteolysis of the three terminal amino
acids, isoprenylation of the newly exposed terminal cysteine,
and carboxylmethylation of this cysteine (Gutierrez et al.,
1989; Hancock et al., 1989). The distribution of ras to the
plasma membrane is required for its function, and this
translocation is dependent on the modifications of these four
amino acids (Willumsen et al., 1984; Gibbs et al., 1989).
However, addition of these four amino acids to unrelated
proteins, although creating a site for these modifications, does
not necessarily result in translocation of the protein to the
membrane. Another cysteine near the C-terminus of ras is
acylated by palmitate, which increases the affinity of ras for
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1 ctccagtggctgagtgatcaactatactegatgtatcttecagggettetgeagaagtgcaagatgtette
72 atgacctacaccgtgtatgatgacatcatcaccattaagctcatccaagaagectgcaaggttetggatgtgtee

147 ATGGAAGCCATTCTGAAGCTCTTTGGCGAATACTTCTTTAAGTTCTGTAAGATGTCTGGCTATGACAGGATGCTG
M EA 1 LKULTFGETYTFTFI KTFT CIKMSGYUDUZRMTL 25

222 CGGACACTTGGAGGAAATCTCACCGAGTTTATTGAAAACCTAGATGCACTCCACAGTTACCTGGCACTGTCCTAT
R TLGGNULTETFTIENLUDA ALUHSTYTULATLSY 5

297 CAGGAAATGAACGCACCATCCTTTCGAGTGGAGGAAGGAGCTGACGGGGCGATGCTTCTCCACTACTACTCAGAC
Q EM N AP S FRVETEGADGAMTLTLHYTYSD 75

372 AGACATGGTCTGTGTCACATTGTACCAGGTATCATTGAAGCTGTGGCCAAGGACTTCTTTGACACTGATGTGGCC
R HGLCHTIUVEPGTITIIEAVAKDTFTFDTT DV A 100

447 ATGAGTATCCTGGATATGAACGAAGAGGTGGAAAGGACAGGGAAGAAAGAACATGTTGTGTTTCTGGTCGTGCAG
M s T LDMNETEVERTG GI KT KEUHV VUV FLUVVQ 12

522 AAGGCTCACAGACAGATAAGAGGAGCAAAGGCAAGCCGGCCACAAGGCAGTGAGGACAGCCAGGCAGACCAGGAG
K AHRQTIURGAZ KA AS®REPQGSETDSOQATDN~GQE 15

597 GCTCTCCAGGGAAGACTCCTTCGGATGAAGGAGAGATATTTAAACATCCCTGTTTGCCCTGGGGAGAAATCTCAC
A LQGTULULRMEKXKETRTYTLNTIZPVCZPGETI KSH 17

672 TCAACTGCTGTGAGGGCATCGGTCCTTTTTGGAAAAGGGCCCCTCAGGGACACCTTCCAGCCCGTCTATCCTGAG
S TAVRASVILTFGKSG?PTULIRTUDTT FAQ?PUVY P E 200

747 AGACTATGGGTCGAAGAGGAGGTGTTCTGTGATGCTTTTCCTTTCCACATTGTCTTTGATGAAGCACTAAGGGTC
R LWVETETEVFCDATFZPTFUHTIUVTFDTEALRV 22

822 AAGCAAGCTGGAGTGAATATTCAGAAGTATGTCCCTGGAATCTTAACCCAGAAGTTTGCACTAGATGAGTATTTT
K QA GV NTITIOQIKYUV?P?PGGILTAOQI KT FALDTETYTF 25

89

~

TCCATCATCCACCCTCAAGTTACTTTCAACATCTCCAGCATCTGCAAGTTCATTAACAGTCAGTTTGTCTTGAAG
§ I I HPQVTT FUNTISOSTI1IOCKT FTINSOQTFUV LK 27

972 ACAAGAAAAGAAATGATGCCCAAAGCAAGGAAGAGCCAGCCGATGCTCAAACTCCGGGGTCAGATGATCTGGATG
T R KEMMEPIEKARIKSQPMULI KT LRGOQMTI WM 300

1047 GAGTCTCTGAGGTGCATGATCTTCATGTGTTCCCCAAACGTCCGCAGCCTGCAAGAGCTGGAAGAGAGCAAGATG
E S LR CMHM I FM CS PNV RSULOQETLTETES KM 325

1122 CATCTTTCTGATATCGCTCCGCACGACACGACCAGGGATCTCATCCTCCTCAACCAGCAGAGGCTGGCAGAGATG
H LS DTIAZPUHUDTTR RUDILTIULILNA QAQRTIULAE M 35

1197 GAGCTGTCCTGCCAACTGGAAAAGAAGAAGGAGGAGTTGCGTGTCCTTTCCAATCACCTGGCCATCGAGAAGAAG
E L S CQULEJ XK KI K ETETLR RV VILSNUHILATITEK K 375

1272 AAGACAGAGACCTTGCTGTATGCCATGCTGCCTGAACATGTGGCCAACCAACTCAAGGAGGGCAGAAAGGTGGCT
K TETULTULVYAMULUPEHV AN QTULIEKTETGRK V A 400

1347 GCAGGAGAATTTGAAACATGTACAATCCTTTTCAGCGATGTTGTGACATTTACCAACATCTGTGCAGCCTGTGAA
A GEFETTCTTIULTFSDUVVTT FTNTITZCGCAATCE 425

1422 CCTATCCAAATCGTGAACATGCTGAATTCAATGTACTCCAAGTTTGACAGGTTAACCAGTGTCCATGATGTCTAC
P I QI VNMILNSMYS KV FDRTILTS UV HDV Y 45

1497 AAAGTAGAAACAATAGGGGATGCTTACATGGTGGTGGGTGGAGTACCAGTACCCGTTGAAAGCCATGCTCAAAGA
KV ETTI GDAYMUVV GGV PV PV ESHAAQR 475

1572 GTCGCCAATTTTGCTCTGGGGATGAGAATTTCTGCAAAAGAAGTGATGAATCCTGTCACTGGGGAACCTATCCAG
V ANF AL GMIRTI S A KEUVHNNUZPVTGETPTI Q 500

1647 ATCAGAGTGGGAATCCACACTGGACCAGTCTTAGCAGGTGTTGTGGGAGACAAGATGCCTCGGTACTGCTTGTTT
I R V¢ I HTCGCPVLAGVYVY VYV GDIKMNUPRTYCLF 525

1722 GGTGACACTGTAAACACAGCCTCTAGGATGGAAAGTCACGGGCTTCCCAGCAAAGTGCATCTGAGCCCCACAGCC
¢ DTVNTASRMHKESHGLU PS KV HLSPT A 55

1797 CACAGAGCCCTGAAAAACAAAGGGTTTGAAATTGTCAGGAGAGGCGAGATCGAAGTGAAGGGGAAAGGAAAGATG
H R ALIKNIKGT FETIUVRRGETITETU VI KTGT KTGZKNHN 575

1872 ACCACATACTTTCTGATCCAGAACCTGAATGCCACCGAGGATGAGATAATGGGGCGACCTTCAGCCCCCGCTGAT
T TY F LI QNULNAWATUETDTETIMGT REP S A P A D 600

1947 GGGAAGGAAGTATGTACTCCCGGAAACCAAGTCAGGAAGTCCCCTGCTGTCCCGAGGAACACAGACCATCAGCAA
¢ K EV CTUPOGNOQUVRIKSPAV PRNTUDHAQQ 625

2022 CAAGTCTACAAAGGAGACCCAGCAGACGCTTCTAATGAAGTCACACTTGCTGGGAGCCCAGTGGCAGGGCGAAAC
Q VY KGDUPADASNEUVTTILAGS PV A G R N 65

2097 TCCACAGATGCAGTCAATAACCAGCCATCACCAGATGAGACCAAGACAAGTGTCGTTGCTAGTGGCCCTGTGCTG
s T DAV NNOQUPSPDETH KTS SV V A S G P V L 675

2172 TCTGCTTTCTGTGTTIGTGCTGtgatcacgagaaaaagtgatcctatgggatecatttectgtattccatggeage
S A F C V V L ter 682

2247 aaagggaattaatttataaaaatgcttaagttcaaaatgtttttgtttccatatcteecttggggeccetttgag

2322 aatagasaaaattagaaaaaaaaaaasaaa

FIGURE 2: Nucleotide and predicted amino acid sequences of kidney-derived guanylyl cyclase. Positions for nucleotides are provided on the
left, and positions for amino acids are on the right. Noncoding nucleotides are in lower-case letters, and the signal for polyadenylation is underlined.
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FIGURE 3: Amino acid comparison of rat kidney-derived guanylyl cyclase (82) and 73-kDa (a1) and 70-kDa (81) subunits of bovine lung soluble
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guanylyl cyclase. Amino acid identities are shaded, and gaps are represented by dashes.
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FIGURE 4: Northern blot analysis of mRNA from rat tissues using
probes specific for the rat kidney-derived guanylyl cyclase (GC-Sg,)
and the 70-kDa subunit (GC-Sg,) of rat lung soluble guanylyl cyclase.
10 ug of poly(A+) mRNA from rat skeletal muscle (M), liver (Li),
brain (B), heart (H), kidney (K), or lung (L) was electrophoresed,
blotted and fixed to a nitrocellulose membrane, and hybridized with
a random prime labeled probe from clone 15 (left panel). After
autoradiography the membrane was rehybridized with random prime
labeled probe for GC-Sg, (right panel). The left panel represents a
14-day exposure, and the right panel is a 5-h exposure. The mobilities
of RNA markers were determined by ethidium bromide staining and
are indicated on the left.

the membrane (Hancock et al., 1989). A second cysteine close
to the carboxyl terminus does not exist in GC-Sg, as is the case
with ras, and the absolute requirements for fatty acid acylation
are not known. Therefore, it is unclear whether or not GC-Sg,
can be associated with membranes. The high level (50%) of
hydrophilic amino acids in this C-terminal region, however,
may not favor such an association.

We expressed the kidney cDNA for GC-Sg, in COS-7 cells
(Cullen, 1987), but no guanylyl cyclase activity was detected
(not shown): these results are predictable, on the basis of the
lack of enzyme activity reported for the lung soluble enzyme
subunit GC-Sg, (Nakane et al., 1988). Data presented by
Nakane et al. (1990) suggest that lung soluble guanylyl cyclase
activity requires coexpression of GC-S,, and GC-Sg,.
Therefore, GC-S;, and an a-subunit yet to be identified are
likely required for the expression of guanylyl cyclase activity.
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A Tetrahedral Zinc(II)-Binding Site Introduced into a Designed Protein’

Lynne Regan** and Neil D. Clarke’

The Laboratory of Molecular Biology, Medical Research Council, Hills Road, Cambridge CB2 2QH, U.K., The Experimental
Station, E. I. du Pont de Nemours and Company, Wilmington, Delaware 19880, and Howard Hughes Medical Institute and
Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Received August 14, 1990; Revised Manuscript Received October 3, 1990

ABSTRACT: The ultimate goal of protein engineering is to create novel proteins which will adopt predetermined
structures, bind specified ligands, and catalyze new reactions. Here we describe the successful introduction
of metal-binding activity into a model four helix bundle protein. The designed binding site is tetrahedral
and is formed by two Cys and two His ligands on adjacent helices. We have introduced this site into the
protein and characterized the binding activity. Using $°Zn(II), we have shown that the protein binds Zn(II),
that the sulfhydryls are essential for binding, and that binding occurs to the protein monomer. The designed
protein binds metals with high affinity: we estimate the dissociation constants as 2.5 X 10® M for Zn(II)
and 1.6 X 107 M for Co(II). The characteristic absorption spectrum of the Co(II)-substituted protein fully
supports the model of a tetrahedral binding site comprised of two Cys and two His ligands. Circular dichroism
studies indicate that no significant changes in secondary structure occur between the metal-bound and
metal-free forms of the protein. However, the metal-bound form is substantially stabilized toward denaturation

by GuHCI compared to the metal-free form.

Tle challenge of protein engineering is 2-fold: first, to design
and create novel proteins which will fold to give desired
structures; second, to incorporate novel activities onto these
structural frameworks. In this paper we describe the successful
accomplishment of an example of the second stage of the
design challenge: the introduction of metal-binding activity
onto a designed four helix bundle framework. The site we have
introduced is a tetrahedral binding site for metal ions such as
Zn(11), Cd(11), and Co(I1).

Among natural proteins, tetrahedral Zn(II) sites are by far
the most common, serving both structural and catalytic roles.
The geometry of such sites in proteins and small molecules
is well established from X-ray crystallographic studies. The
creation of a tetrahedrally liganded metal-binding site, re-
quiring the precise positioning of four amino acid side chains,
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represents a very specific design challenge whose success is
readily testable by solution spectroscopic techniques.

The designed protein into which the metal-binding site was
introduced has been described previously (Regan & DeGrado,
1988). It is a simplified version of a motif found in several
naturally occurring proteins (Weber & Salemme, 1980;
Presnel & Cohen, 1989). The essential elements of the pro-
tein’s structure are four a-helices which are packed nearly
antiparallel, at an angle of about 20°, and which are connected
by three loops. In natural four helix bundle proteins, four
helices of varying length and sequence are connected by three
loops which vary in length, sequence, and connectivity. In the
model protein the design has been simplified to give minimal
sequence complexity: four identical helices are connected by
three identical loops. The X-ray crystal structure of the protein
has not yet been determined; however, solution studies are
consistent with the proposed model of the protein as a stable,
compact bundle structure (Regan & DeGrado, 1988; Ho &
DeGrado, 1987). We will refer to this model protein as
wild-type ay, and its sequence is shown in Figure 1A.

We chose to design sites by use of combinations of His and
Cys ligands. Natural examples of such tetrahedral Zn(II) sites
are found in alcohol dehydrogenase (Vallee & Auld, 1990)
and in the TFIIIA-like Zn-finger proteins (Daikun et al., 1986;
Parraga et al., 1988; Lee et al.,, 1989). The site was designed
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