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The Mechanism of Binding: of a Polynuccleotide 
Chain to Pancreatic ~ibo~uclease * 

The crystalline complex of pancreatic ribonudease (RNase) with oligomers of d@A)4 
has been solved by x-ray =action methods and re6ned by standard ptocedutes to a 
conventional crystallographic R factor of 0.22 at 2.5 angstrom resolution. The 
asymmetric unit is a complex of one RNase molecule associated with four d@A),, 
oligomers. Although the DNA in this complex is segmented, and therefore shows some 
discontinuities, it nevertheless traces a continuo& path 12 nudeotides in length that 
passes through the active site deft of the enzyme and over the surfice of the protein. 
The DNA makes a series of eight to nine electrostatic bonds between its phosphate 
groups and lysine and arginine residues on the protein, as well as specific chemical 
interactions at the active site. The path described by the sequence of nudeotides is 
likely to be that taken by an extended polynudeotide chain when it is bound by the 
enzyme- 

R IBONUCLBASE (RNAsB) PROM BO- its preferential afKnity for, and ability to 
vine pancreas is among the most fbrm complexes with, single-stranded DNA. 
thoroughly studied of all protein ' It is a helix destabilizing or DNA unwindmg 

molecules in terms of structure, chemistry, protein (4, 5). 
and enzymatic mechanism (1-3). Two func- The structure of the protein's active site in 
tional roles have been ascribed to the pro- the immediate vicinity of enzymatic catalysis 
tein; Its maior function is to cleave RNA at has been well established by x-ray and neu- 
points 3' tk pyrimidine residues to yield tron diffraction (6, 7), i d  by chemical 
fragments having 3' phosphate termini. A 

of Biochenlisny, University of 
second property of the protein derives from Riverside, CA 92521. 

Fig. 1. The structure of the complex formed between bovine RNase A and four tetramers of d(pAk as 
determined by x-ray crystallographic techniques. The four deoxyoligomers I-IV are shown in green, 
violet, yellow, and red, respectively, and extend in a consistent 3' to 5' direction from the top of the 
figure to the bottom. The conventional crystallographic R factor for the structure at 2.5 A resolution is 
0.22. 
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Fig. 2. The complex k e e n  bovine RNase and d(pA)4 is shown with those nudeotida (in yellow) 
from tenamen I1 and I11 that are chiefly intermolecular and strongly influenced by lattice contacts. The 
12 nudeotides shown in blue are all associated principally with the single red RNase molecule shown in 
the figure. They can be seen to trace out a nearly continuous path into and through the active site deft 
and over the surface of the protein. 

modification, spectral, and nuclear magnetic 
resonance studies (1, 3). However, the ex- . 

tended binding interface that mediates asso- 
ciation of the protein with long polynucleo- , 

tide chains has not been well established. 
This interface, and the constituent interac- 
tions, have been shown by competition ex- 
periments and other techniques to be the 
same for both RNA and single-stranded 
DNA (8, 9). 

The interaction of polynucleotide and 
protein, when a stable complex is formed, 
must involve more of the protein's surface 
than the restricted cleft shown by difference 
Fourier experiments to bind dinucleotide 
substrates (7, 10). It must utilize amino acid 
residues other than  is'^ and   is"^ and 

L ~ S ~ ' ,  which have been directly implicated 
with reasonable certainty in substrate bind- 
ing and catalysis (1-3). Jensen and von 
Hippel have shown that RNase binds to and 
protects up to 11 nucleotides along an ex- 
tended single-stranded nucleic acid chain 
(11). Record ct uf. (12), using the same data, 
subsequently showed by cation titration that 
at least seven ion pairs, presumably lysine 
and arginine salt bridges with phosphate 
groups, are formed when RNase binds to 
single-stranded DNA. Karpel ct uf. (13) 
have provided further evidence for extensive 
electrostatic interactions with long substrate 
analogues devoid of heterocyclic bases. 
There are numerous studies demonstrating 
the importance to polynucleotide binding of 

Fig. 3. The 12 blue nudeotides seen in Fig. 2 that are associated with the same RNase molecule have 
been connected together in a consistent 3' to 5' fashion (tetramers I -+ I1 + I11 -+ N) to make an 
extended polynudeotide chain. This virtual strand maintains all of the chemical interactions with the 
protein that are observed in the crystal structure of the RNase plus  PA)^ complex (Fig. 1). It has been 
idealized to some extent in terms of base orientations and backbone conformation. 

amino acid side chains distant from the 
active site (1-3) and, by use of electrostatic 
calculations, Matthew and Richards showed 
the existence of unusually positive anion 
biding sites at points well removed from 
the catalytic center (14). The questions that 
may be asked then are: (i) What path is 
taken over the surface of RNase by an 
extended single strand of RNA or DNA 
when it is bound by the protein? (ii) What 
chemical interactions between the two mac- 
romolecules are involved? 

We succeeded (15) in crystallizing com- 
plexes of RNase A and RNase B with 
difirent deoxyoligonucleotides that includ- 
ed d(pA)4 and d(p~4)~ .  We subsequently 
obtained other crystalline complexes of 
RNase with d(pT)4, d(pCITC), and mix- 
tures of  PA)^ with d(pT)*. The structures 
of these complexes have now been solved in 
this laboratory with x-ray diffraction tech- 
niques, and that of the RNase A plus d(pA)4 
complex has been refined to an R factor of 
0.22 at a resolution of 2.5 A. The details of 
the structure solution and refinement have 
been described (1 6,17); it is sufficient to say 
that conventional multiple isomorphous re- 
placement and molecular replacement meth- 
ods with the known structure of RNase A 
(6) were used, followed by difference Fouri- 
er analysis. A somewhat unexpected feature 
of the results is that the complex of RNase 
plus d(pA)4 forming the asymmetric unit of 
the uystals is composed of one protein 
molecule associated with four independent 
tetramers of d(pA)*. That is, the stoichiom- 
etry of the complex is RNase * [d(pA)4]4. 
Similar results were also found for the com- 
plexes of R N W  plus  PA)^ and R N W  
plus d(pT)4. 

The disposition of the deoxyoligomers in 
the complex is not a chance occurrence, but 
reflects the complementarity of positive 
charges and nucleotide biding sites on the 
protein with the negatively charged phos- 
phate groups and bases on an extended 
nucleic acid chain. The complex of RNase 
plus d(pA)4 is shown with the four tetra- 
mers of nudeic acid in different colors to 
allow discrimination (Fig. 1). 

While a fd description of the binding of 
each of the four oligomers has been present- 
ed (16, 17), some features are relevant here. 
Tetrarner I runs from its 3' terminus (Fig. 1, 
top) into the active site deft and is posi- 
tioned with i~ 5' terminal phosphate adja- 
cent to  is'^ and Lys4' at the active center. 
The 5' base is in the conventional "A site" 
(2). Tetramer I1 has its 3' terminal nudeo- 
tide abutting, but not in faa occupying, the 
pyrimidine binding site or conventional "P 
site" (2). It passes over the suhce  of the 
protein, extends through a solvent region, 
and terminates with its 5' phosphate linked 
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by an electrostatic interaction to another 
molecule in the cwstal lattice. Thus. the first 
three nucleotidesdstarting from th= 3' end 
are bound to the molecule shown while the 
fourth nudeotide at the 5' end is termed 
"intermolecular" because it links to a differ- 
ent protein molecule in the crystal lattice. 

In tetramer 111, only the nudeotide at the 
5' end is bound to the molecule shown (Fig. 
1) while the three remaining members of the 
chain extend through a broad interstitial 
space in the crystal and terminate with a salt 
bridge to another protein molecule in the 
lattice. Thus, M y  three nucleotides of tetra- 
mer I11 are intermolecular. Tetramer IV has 
its 3' nudeotide adjacent to the 5' phos- 
phate of tetramer 111, curls under the pro- 
tein, and terminates with its 5' phosphate in 
a deep anion trap (14) on the backside of the 
protein. 

The arrangement of teaamers (Fig. 1) 
suggested to us the course a single polynu- 
deotide strand would assume when bound 
to RNase, even though in these crystals it is 
composed of oligomeric segments. We not- 
ed, furthermore, that the polarity of the 
 PA)^ strands was consistently 3' + 5' from 
the top of the figure to the bottom 
(I -* I1 -* I11 + IV), and that a large num- 
ber of chemical interactions were used that 
had been previously implicated by other 
techniques to be important in nucleic acid 
binding (13, 16). 

In Fig. 2, the intermolecular nucleotides 
are displayed in yellow, and those bound 
directly to a common RNase molecule are 
shown in red. The intermolecular interac- 
tions are permissible in the crystal only 
because the asymmetric unit complex con- 
tains discontinuous segments that have ad- 
ditional degrees of freedom. We believe that 
the path delineated in red by the nucleotides 
bound to this particular RNase molecule are 
representative of the course traced by a 
single strand of RNA or DNA when bound 
to the protein. That is, the d(pA)4 oligomers 
are a "virtual DNA strand." 

If the four yellow nudeotides (Fig. 2) that 
are involved in the crystalline intermolecular 
bonds are ignored, then the remaining 
oligomers and oligomer fragments can be 
easily linked together in a 3' to 5' fashion 
with no substantial movement of any of the 
nudeotides, even at the junctures, and with 
no distortion of either protein or deoxyoli- 
gomer conformation. Only the single nucle- 
otide of tetramer I11 requires any sigdcant 
rearrangement, and this involves only rota- 
tions. The result of this connecting process 
(Fig. 3) is a continuous single chain of 
nudeotides, a "virtual strandn extending 
from the 3' hydroxyl at the top to the 5' 
phosphate at the bottom. In Fig. 3 we have 
adjusted the bases and the conformation of 

> y-, , 
2- > 

Fig. 4. This schematic drawing of the model complex between RNase plus  PA)^ shows the pattern of 
eight to nine electrostatic interactions that bind the polynudeotide to the surface of the protein. These 
indude salt brid$s between phosphate groups and Lys7, Lys4', L ~ S ~ ,  Lys9', LyP, Lys3', and Args5, 
Arg33, and . The only dose interactions invohrig the bases of the nucleic acid with the protein 
occur in the active site deft. 

the ribose-phosphate backbone to some ex- 
tent to bring the model into a more ideal 
conformation, but nevertheless it still dosely 
resembles the series of deoxyoligomers that 
were actually observed in the crystal (Fig. 2) 
and it preserves all of those interactions 
responsible for binding. 

A schematic drawing (Fig. 4) of the path 
taken by the virtual strand of DNA in the 
model of Fig. 3 shows the protein-nucleic 
acid interactions observed in the crystal 
structure that would, by inference, be opera- 
tive in the protein-nucleic acid complex. 
Beginning at the 3' end of the DNA chain 

and proceeding toward the 5' terminus, we 
encounter salt bridges between phosphate 
p u p s  and L s7, LYs4', and LYs6q then 
k g 8  and A&, then by LYs9l and ~ ~ s ~ ~ ,  
then kg3, and finally LYs3'. The only 
important interactions involving the bases 
of the DNA occur in the active site at the 
"P" and "An sites, and possibly one base 
removed from the "A" site in the 3' direc- 
tion. Other base protein interactions may 
exist but they are not apparent at this point. 

The complex between protein and nucleic 
acid is principally an extended multisite cat- 
ion-anion interaction. The base and ribose 
moieties play only a minor role in binding , , " 
but, c1e&ly, a major role in determining 
specificity. This was predicted by Jensen and 
von Hippel on the basis of their physical 
chemical data ( l l ) ,  and it is entirely consist- 
ent as well with the results of Karpel ct af. 
(13). 

The complex contains eight to nine elec- 
trostatic "ion pairs." This is very close to the 
number predicted by Record et al. based on 
cation titrations (12). Furthermore, many of 
the lysine and arginine residues involved in 
biding were predicted by other investiga- 
tors (1-3). The protein in this complex 
engages a total of 12 nucleotides, which 
corresponds to the protection size deter- 
mined by Jensen and von Hippel (1 1 ). The 
virtual strand passes directly through the 

Fig. 5. The amino groups of all lysines the 
guanidinium groups of arginines, and  is" and 
His"9 have been highlighted in yellow. The path 
of the polynudeotide chain is shown in red. The 
positively charged groups on the protein are 
disposed as a linear array over the surface of the 
protein that is dosely complementary to the dis- 
mbution of phosphate groups along an extended 
nudeic acid chain. 
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active site cleft in a manner consistent with 
previous difference Fourier studies using 
dinucleotides (7, 10). The conformation of 
the polynucleotide chain is smooth, extend- 
ed, and exhibits no unacceptable turns or 
bends. 

Finally, we would like to call attention to 
the fact that the 5' terminus of the polynu- 
cleotide strand is firmly bound on the side of 
the protein opposite the active site, which is 
nearly 30 A away from the catalytic center. 
It is here, as Matthew and Richards showed 
(14), that there is a cluster of lysine and 
arginine residues precisely where the 5' ter- 
minal phos hate is found. This cluster of R Lys31, Lys , ~ y s ~ l ,  and Arg33 forms a 
strong local positive charge distribution that 
they predicted would serve as a strong anion 
binding site. 

Figure 5 is the RNase molecule with the 
single DNA strand shown in red, but with 
lysine amino groups and guanidinium 
groups of arginines highlighted in yellow 
along with  is'* and His1I9. Apparent in 

this figure is the linear array of positively 
charged groups displayed by-the protein on 
its surface and the complementarity between 
this linear array and the course of the poly- 
nucleotide chain. Indeed, we believe that a 
major consequence of the folding of the 
polypeptide chain is the presentation of a 
linear sequence of positive charges in three- 
dimensional space that traces the path of a 
polynucleotide chain and serves to lead it 
through the active site of the enzyme with- 
out distortion and in a manner consistent 
with its chemical and conformational prefer- 
ences. 
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Identification and Characterization of the Protein 
Encoded by the Human N-myc Oncogene 

The human N-myc gene is related to the c-myc proto-oncogene, and has been shown to 
have transforming potential in vitro. Many studies have reported amplification of N- 
myc in human neuroblastoma and retinoblastoma cell lines. In primary tumors, 
amplification of the gene was found to correlate directly with behavior of the tumor. 
Specific restriction fragments of a partial complementary DNA clone of N-myc from 
LA-N-5 human neuroblastoma cells were placed into a bacterial expression vector for 
the purpose of producing antigens representatbe of the N-myc protein. Rabbits 
immunized with these antigens produced antisera that recognized a protein of 62-64 
kilodaltons in neuroblastoma cells. By several criteria, this protein appears to be part of 
the same proto-oncogene family as the c-myc protein. Moreover, the antisera to 
fragments of this protein were capable of histochemically identifying malignant cells in 
clinical specimens. 

T HE N-MYC GENE, WHILE NOT A 
classic proto-oncogene in that it does 
not have a homolog carried by an 

acutely transforming retrovirus, is grouped 
with the proto-oncogenes because of its 
homology with c-myc (1, 2). There is clear 
evidence for the transforming potential of 
this gene since N-myc can substitute for c- 
myc in the co-transformation assay in which 
secondary rat embryo cells are transformed 
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strongest clinical correlation between alter- 
ation of a specific proto-oncogene and hu- 
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correlated with stage of disease; amplifica- 
tion was not found in localized tumors 
(stages I and 11), but was present in 50% of 
advanced tumors (stages I11 and IV) (6). In 
a larger study, amplification of the gene in 
primary neuroblastomas was found to corre- 
late strongly with rapid disease progression 
and poor clinical prognosis, independent of 
disease stage at diagnosis (8). Thus, amplifi- 
cation of the N-myc gene appeared to be 
more prognostic than clinical staging of the 
disease. 

The strong correlation between N-myc 
gene alterations in primary human tumors 
and clinical behavior, as well as the trans- 
forming potential of the gene in vitro, has 
led to speculation that it may be involved in 
the pathogenesis of some human malignan- 
cies. To hrther characterize this gene and its 
gene product, we undertook experiments to 
clone and express human N-myc. By means 
of the Okayama-Berg vector (9), a comple- 
mentary DNA library was constructed from 
the LA-N-5 human neuroblastoma cell line. 
Approximately 80,000 clones were screened 
with the pNb- 1 probe ( I ) ,  and one clone, 
N-mycl, was obtained. The largest open 
reading frame in the sequence from N-mycl 
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