
of differences in the expression of partic- 
ular genes. In contrast, the representa- 
tion of coding sequences in cDNA librar- 
ies reflects differences in cellular mRNA 
levels. Thus, expression libraries con- 
taining genomic DNA rather than com- 
plementary DNA may be more suitable 
for a thorough examination of coding 
capacity of eukaryotes with small 
genome sizes 
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The enzyme dihydrofolate reductase 
(DHFR; E.C. 1.5.1.3) ( I ) ,  is found in 
every kind of organism, from bacteria to 
mammals, and in large amounts in rapid- 
ly dividing cell lines. It catalyzes the 
NADPH-dependent (NADPH, reduced 
form of nicotinamide adenine dinucleo- 
tide phosphate) reduction of 7,8-dihydro- 
folate to  5,6,7,8-tetrahydrofolate, which 
in turn plays a central metabolic role as a 
carrier of one-carbon units in the biosyn- 
thesis of thymidylate, purines, and some 
amino acids (2). An unusual feature of 
thymidylate biosynthesis in particular is 
that tetrahydrofolate is oxidized to dihy- 
drofolate in the course of a one-carbon 
transfer to  uridylate. Thus blockade of 
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the DHFR-catalyzed reduction of dihy- 
drofolate back to tetrahydrofolate in a 
rapidly proliferating cell results in the 
depletion of its tetrahydrofolate pool, 
with consequent cessation of DNA syn- 
thesis and, ultimately, stasis and cell 
death. 

Furthermore, DHFR is especially sus- 
ceptible to inhibition by synthetic folate 
analogs (the antifolates), some of which 
show a high degree of species selectivity. 
These peculiarities of DHFR enzymolo- 
gy have assumed practical importance in 
the clinical treatment of a number of 
diseases, notably the leukemias and oth- 
er cancers, and certain bacterial and 
protozoal infections, against which che- 
motherapy with agtifolates such as meth- 
otrexate, trimethoprim, and pyrimeth- 
amine proves to be effective (3). Not 
surprisingly, therefore, DHFR has be- 
come an enzyme of considerable interest 
to pharmaceutical chemists and drug de- 
signers. 

Being the smallest of the well-charac- 
terized nicotinamide-dependent oxidore- 
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ductases, DHFR is also of interest to  the 
structural biochemist. For  example, the 
Escherichia coli enzyme consists of just 
a single 159-residue polypeptide chain. 
Thus DHFR presents an opportunity to 
study the stereochemistry of nicotin- 
amide activation by high-resolution x- 
ray diffraction methods. 

Motivated by these considerations, 
Matthews and Kraut and their co-work- 
ers (4, 5 )  have during the past few years 
determined the x-ray crystal structures 
of DHFR's  derived from three species- 
E.  coli, Lactobacilliis casei, and chicken 
(the last being representative of all verte- 
brate DHFR's ,  which are highly homolo- 
gous-at the maximum practical resolu- 
tion and degree of refinement. Examina- 
tion of these structures reveals a char- 
acteristic, highly conserved backbone 
chain fold, even though their amino acid 
sequences are only about 25 percent 
homologous, and provides a catalog of 
enzyme-substrate interactions, about 
half of which are also conserved. One 
can guess how some of these interactions 
might contribute to the catalytic mecha- 
nism, but reasons for the evolutionary 
conservation of others remain obscure. 
In addition, a few residues that do not 
interact directly with the substrate or 
cofactor are also conserved in the known 
DHFR sequences. Thus, many new 
questions are raised by the x-ray struc- 
tures; but what is of overriding impor- 
tance is that these questions are specific 
and highly focused. 

It has been somewhat easier to ask 
incisive questions about the function of 
some part of an enzyme, given its three- 
dimensional structure, than it has been 
to devise equally incisive experiments to 
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answer them. In recent years, however, 
a powerful new experimental tool has 
been developed by molecular biologists. 
The contemporary techniques for manip- 
ulating DNA make it possible to alter a 
cloned gene in vitro so as  to  change any 
specific base in the sequence to any 
other base, to delete a given segment of 
the gene, or to insert a new segment 
wherever one wishes (6, 7). This tech- 
nique, sometimes known as site-directed 
mutagenesis, has been increasingly used 
to investigate the function of genes them- 
selves and of their RNA transcripts (8). 
But only recently has the realization 
begun to spread among those preoccu- 
pied with relations between structure 
and function in protein molecules-the 
gene products-that site-directed muta- 
genesis is prospectively a powerful ex- 
perimental tool with which to answer 
their questions as  well (9). 

In this article, we describe the begin- 
ning of a series of in vitro site-directed 
mutagenesis experiments, the purpose of 
which is to increase our understanding of 
the DHFR molecule in particular, and of 
enzyme-protein structure in general. For  
several reasons the DHFR of E. coli is 
especially well suited as a subject for 
such experiments. It is a relatively sim- 
ple, unprocessed water-soluble protein, 
so that expression from an E. coli com- 
patible vector in an E ,  coli host should be 
straightforward. The gene has already 
been cloned and sequenced (10). A con- 
venient in vivo selection for mutants 
with DHFR activitv can be devised with 
the use of trimethoprim as an antibiotic. 
And finally, the three-dimensional struc- 
ture of E. coli DHFR has been thorough- 
ly characterized by high-resolution x-ray 
crystallography, and a number of mecha- 
nistic hypotheses have been proposed (4, 
5). It is important to recognize that our 
ability to formulate precise questions 
about the DHFR molecule and to design 
relevant mutagenesis experiments de- 
pends entirely on the availability of pre- 
cise geometrical information provided by 
the x-ray structure of the molecule. 

Certainly the most practical and effi- 
cient procedure for in vitro generation of 
specific mutations at a given locus is that 
which uses synthetic oligodeoxyribonu- 
cleotides as mutagens, as  outlined by 
Itakura and Riggs (11). We report here 
on the application of this method to the 
construction of three mutant E. coli 
DHFR genes and on our preliminary 
investigation into the properties of the 
resulting mutant enzymes. The three mu- 
tations targeted the residues of aspartic 
acid at position 27, proline at position 39, 
and glycine at position 95, which are 
approximately located as shown by the 
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lower, upper, and middle circles, respec- served at this position in all of the bacte- 
tively, in Fig. 1. They were designed to rial DHFR's of known sequence, and it 
illuminate both the enzymic mechanism 
and certain aspects of chain folding and 
dynamics. In the following sections we 
describe the rationale underlying the de- 
sign of these particular mutations. 

Design of Mutations 

The puzzle of Asp-27 is typical of 
many encountered in structural enzy- 
mology. A crucial question in this field is 
how an enzyme stabilizes the activated 
transition state complex for the reaction 

is replaced by a glutamic acid residue at 
a structurally equivalent position in the 
vertebrate DHFR's .  

The first mutagenesis experiment de- 
scribed here was designed to explore this 
paradox. By mutating Asp-27 to an as- 
paragine, we expect to leave the catalyt- 
ic-site geometry essentially undisturbed 
while simultaneously removing the side 
chain as a potential proton source and 
negatively charged counterion. Several 
kinds of questions come to mind. Will 
the mutant enzyme still function? Will it 
still bind 2,4-diaminoheterocyclic inhibi- 

Summary. Three mutations of the enzyme dihydrofolate reductase were construct- 
ed by oligonucleotide-directed mutagenesis of the cloned Escherichia coli gene. The 
mutations-at residue 27, aspartic acid replaced with asparagine; at residue 39, 
proline replaced with cysteine; and at residue 95, glycine replaced with alanine-were 
designed to answer questions about the relations between molecular structure and 
function that were raised by the x-ray crystal structures. Properties of the mutant 
proteins show that Asp-27 is important for catalysis and that perturbation of the local 
structure at a conserved cis peptide bond following Gly-95 abolishes activity. 
Substitution of cysteine for proline at residue 39 results in the appearance of new 
forms of the enzyme that correspond to various oxidation states of the cysteine. One 
of these forms probably represents a species cross-linked by an intrachain disulfide 
bridge between the cysteine at position 85 and the new cysteine at position 39. 

being catalyzed. In the molecular struc- 
tures of DHFR we find Asp-27 buried 
below the enzyme surface, sequestered 
from external solvent, and poised, we 
believe, to form a hydrogen-bonded salt 
linkage with the pteridine ring of the 
substrate. In any event, the x-ray results 
clearly establish that Asp-27 does inter- 
act in this way with 2,4-diaminohetero- 
cyclic inhibitors and that the pteridine 
ring of a substrate would occupy the 
same site, but turned upside down. Be- 
cause the DHFR-catalyzed reaction in- 
volves hydride ion transfer between the 
nicotinamide's C-4 and the substrate's 
pteridine ring at C-6, one can assume 
that the transition state must have some 
degree of carbonium ion character at C- 
6, presumably induced by protonation at 
N-5. Thus the role of Asp-27 may well be 
to serve as the ultimate proton donor and 
to stabilize the transition state by provid- 
ing a negatively charged carboxylate 
counterion to hydrogen bond with the 
resulting positively charged pteridine 
ring. 

The difficulty with this simple picture, 
however, is that although protonation 
ought to occur at N-5, the x-ray structure 
clearly shows that the Asp-27 side chain 
would instead be hydrogen-bonded to N-  
3 and the 2-amino group. But whether or 
not its function has been correctly sur- 
mised, an aspartic acid residue is con- 

tors upside down? Will it even fold up in 
the native configuration? 

The second mutagenesis experiment is 
designed primarily to shed light on chain 
folding and molecular dynamics and only 
indirectly on mechanism. In this experi- 
ment, we attempt to introduce a new 
disulfide bridge into the DHFR mole- 
cule. We know of no report of a species 
of naturally occurring DHFR that con- 
tains even a single intrachain disulfide 
bridge. 

The basis for deciding where to insert 
the new disulfide bridge was quite 
straightforward. Focusing on Pro-39, we 
find that this amino acid residue lies at  
the beginning of the extended strand beta 
B ,  opposite Cys-85 in another chain seg- 
ment. If Pro-39 could be mutated to a 
cysteine, the latter might form a disulfide 
bridge with Cys-85 upon oxidation. Both 
residues are sufficiently far removed 
from the substrate or cofactor binding 
areas that minor chemical modifications 
would not be expected to  interfere with 
the activity of the enzyme, and indeed 
reaction of Cys-85 with 5,s'-dithiobis(2- 
nitrobenzoic acid) does not (12). Neither 
residue is conserved in other species. 

Simple modeling experiments show 
that Pro-39 and Cys-85 are relatively 
positioned so that the distance between 
their alpha carbons is 6.0 angstroms, 
about right for a disulfide bridge (12). 
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Either a left-handed or  right-handed 
bridge should be possible geometrically, 
and no other groups are close enough to 
interfere with its formation. 

In an attempt to see if there is any 
indication that disulfide bridges tend to 
occur between backbone chain segments 
with certain favorable geometries or rel- 
ative orientations, we briefly examined a 
sample of 11 disulfide bridges in four 
highly refined protein structures deposit- 
ed in the Brookhaven Protein Data 
Bank. All were different, and none of 
them resembled our proposed bridge at  
Cys-85. 

What questions can we ask with this 
mutagenesis experiment? First, can a 
disulfide bridge actually be formed at a 
site chosen by us? Do we know enough 
about the geometrical requirements for 
disulfide formation to select a suitable 
site? Will such a bridge stabilize the 
molecule with respect to  thermal dena- 
turation? Will it alter the activity of the 
enzyme? One might conceive that the 
activity would increase because certain 

ineffective equilibrium conformations 
are now eliminated. On the other hand, 
the activity might decrease because in- 
creased molecular rigidity interferes with 
some motion required by the mecha- 
nism. Conceivably, both changes could 
occur but with different temperature de- 
pendencies. 

To  explain the rationale behind our 
third mutagenesis experiment we must 
first present some background informa- 
tion. It  is known from the x-ray struc- 
tures that all three DHFR molecules 
contain the same Gly-Gly pair linked by 
an unusual cis peptide bond (Gly-95- 
Gly-96 in the E. coli enzyme) and that an 
equivalent pair of glycine residues also 
occurs in all the other known DHFR 
sequences. Thus it is probable that this 
bit of topography plays some role in the 
working of the molecule, possibly as  a 
conformational switch of some kind. 
That such a switch might be involved in 
initiating hydride transfer is suggested by 
the following observations. The Gly-Gly 
pair lies a t  the NH2-terminus of the 

Fig. 1. Ribbon representation of the E ,  coli DHFR molecule showing the locations of three 
mutations made by oligonucleotide-directed mutagenesis. The upper circle shows the residue 39 
mutation of proline to cysteine, the middle circle the residue 95 mutation of glycine to alanine, 
and the lower circle the residue 27 mutation of aspartic acid to asparagine. Beta strands 
(represented by arrows) and alpha helices are labeled. The approximate position of every tenth 
residue is indicated. A bound methotrexate molecule is depicted in the enzyme active site, but 
the cofactor NADPH is not. 

strand beta E, constituting a very short 
loop connecting beta E with alpha F .  
However, Ile-94, the residue preceding 
Gly-95, is included as part of beta E ;  its 
carbonyl oxygen is twisted out of the 
ordinary parallel beta sheet hydrogen- 
bonding pattern (a structural feature 
sometimes called a beta bulge) and is 
pointing instead toward the C-4 atom of 
the cofactor's nicotinamide ring. Argu- 
ments have been  resented that this car- 
bony1 oxygen is part of an array of 
oxygen atoms surrounding the nicotin- 
amide ring which helps to  activate it with 
respect to  hydride transfer [see Filman et 
al. ( 3 1 .  Our idea was that if there is any 
validity to this notion, disrupting this 
peculiar bit of local geometry might pre- 
vent the molecule from functioning. 

A minimal change that should never- 
theless alter the geometry of this chain 
segment would be the mutation of the 
first glycine, Gly-95, to  an alanine. In- 
spection of the structure shows that the 
beta carbon of an alanine at position 95 
would be about 2.4 angstroms from the 
carbonyl oxygen of Ile-94, 2.8 angstroms 
from the alpha carbon of Gly-96, and 2.6 
angstroms from C-5 of the cofactor's 
nicotinamide ring, contacts that are all at 
least 1 angstroms too close to be accom- 
modated by the unperturbed structure. 
Exactly what would happen to the struc- 
ture as a result of this substitution is 
unpredictable, but some change is al- 
most certain to result. 

Mutagenesis 

Oligonucleotide-directed mutagenesis 
of the gene encoding E. coli DHFR was 
achieved with techniques similar to 
those described by Zoller and Smith (7). 
Restriction fragments (1.0 and 1.6 kilo- 
bases) from the plasmid pCV29 (13) con- 
taining the wild-type E. coli DHFR gene 
Cfol) were cloned into bacteriophage 
M13mp8. Oligonucleotides designed to 
produce the desired mutations were then 
used as  primers on the single-stranded 
phage DNA. Following extension and 
ligation by the large fragment of E. coli 
polymerase I and T4 DNA ligase, the 
resulting covalently closed heteroduplex 
DNA was isolated from agarose gels run 
in the presence of ethidium bromide. 
After transfection of E. coli strain 
JM103, plaques were picked and mutants 
identified by dot-blot hybridization (oli- 
gonucleotide hybridization with nitrocel- 
lulose-bound phage DNA) (6, 7, 14) with 
the corresponding 32P-labeled mutagenic 
oligonucleotides, dissociation tempera- 
ture differences being used to distinguish 
wild-type from mutant phage (see Fig. 
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2). Since at this stage a single plaque 
may contain a mixture of wild-type and 
mutant phage, dot-blot positives were 
plaque-purified to obtain homogeneous 
mutants. These were initially verified by 
detection of restriction site changes re- 
sulting from mutagenesis. The entire 
gene for each mutant DHFR was subse- 
quently sequenced by the Sanger method 
(15) to ascertain that no changes other 
than those intended had been intro- 
duced. 

Figure 3 shows the oligonucleotides 
used for DHFR mutagenesis with the 
corresponding region of the gene to 
which they anneal. In designing the oli- 
gonucleotides, we considered the follow- 
ing. (i) The primer should be sufficiently 
long that spurious priming is minimal 
under mutagenesis reaction conditions. 
(ii) The amino acid codon change should 
give a reasonable temperature difference 
(5 to 10 degrees) for dissociation of the 
mutagenic oligonucleotide from the wild- 
type and the mutant template (14). (iii) 
Since we anticipated cloning into plas- 
mid vectors for enzyme overproduction, 
changes in restriction sites that could 
facilitate identification of mutants during 
subcloning should also be included. The 
restriction site changes did indeed prove 
to be quite helpful with respect to the 
foregoing, but predictions of the extent 
of spurious priming were not always 
reliable. In the mutagenesis of Gly-95 to 
alanine, for example, the mutagenic oli- 
gonucleotide was calculated to produce 
insignificant secondary priming. Howev- 
er, of three mutants that were positive by 
dot-blot hybridization, only one con- 
tained the desired sequence change. The 
other positives were mutations located, 

Fig. 2. Detection of residue 39 proline-to- 
cysteine mutants. (A) An autoradiogram re- 
sulting from hybridization of 32P-labeled mu- 
tagenic oligonucleotide with single-stranded 
phage DNA blotted on a nitrocellulose filter at 
20°C. (B) Autoradiogram after the filter was 
washed at 58°C for 10 minutes (6. 7. 14). 
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Fig. 3. Mutagenic oligonucleotides and their complementary E. coli DHFR gene sequences. 
Asterisks denote mismatches between the gene and the oligonucleotide. Superscripts and 
subscript numbers mark sites of cleavage by restriction enzymes indicated at the right of the 
sequence. Gene sequence numbering is as indicated in (13). The oligonucleotides were 
synthesized by the phosphotriester method (26). 

in one case, outside the DHFR gene, and 
in the other case at the correct position 
but resulting in a 186-base deletion of the 
3' end of the structural gene. Similar 
problems were observed with a 17-base 
oligonucleotide that was used initially for 
mutagenesis of Asp-27 to asparagine but 
was later discarded in favor of the 21- 
base oligonucleotide shown in Fig. 3. We 
found that testing a candidate oligonucle- 
otide as a primer for dideoxy sequencing 
provided a good prediction of its useful- 
ness for mutagenesis. Oligonucleotides 
that gave a mixed pattern on a sequenc- 
ing gel, indicating multiple priming sites, 
were less likely to produce the desired 
mutation. 

With the exception of the mutation of 
Asp-27 to asparagine, mutagenesis of 
DHFR achieved efficiencies between 5 
and 30 percent, comparable to those 
reported by others (6, 7). The low fre- 
quency of 0.3 percent observed for the 
Asp-27 mutation is consistent with the 
notion that DNA repair of MI3 in E. coli 
occurs at or near asymmetrically A- 
methylated GATC sites (G, guanine; A, 
adenine; T, thymine; C, cytosine) (16). It 
has been shown that this repair results in 
marker recoveries having a strong bias in 
favor of the methylated strand, which is 
the wild-type strand in our case. In Fig. 
3, the oligonucleotide mismatch for the 
Asp-27 mutation occurs precisely at a 
GATC sequence. The low frequency of 
this mutation suggests that repair occurs 
right at GATC sites and that even mis- 
matched GATC sites are recognized. 

Since we planned to study structure- 
function correlations in the mutant 
DHFR's in detail, we believed it was 
necessary to sequence the entire DHFR 
gene for each mutant to verify that only 
the intended mutation wis present (Fig. 
4). This precaution seemed to be espe- 
cially prudent when we discovered that 
our first mutation of Pro-39 to cysteine 
did, in fact, contain an additional unin- 
tended point mutation changing Trp-30 
to a serine. The Trp-30 mutation was 

already present in the single-stranded 
template originally used for in vitro ex- 
tension. 

DHFR Gene Expression 

In addition to the DHFR gene, the 
plasmid pCV29 was shown by sequence 
analysis to contain a point mutation in 
the DHFR promoter that results in over- 
production of the enzyme (13). The pres- 
ence of this mutant promoter can be 
monitored by the loss of a Sal I restric- 
tion site. However, even with the mutant 
promoter, we observed a low level (less 
than I percent of the total protein) of 
DHFR production in cells persistently 
infected with M13mp8 containing fol. 
This contrasts with the high level of 
expression of the Bacillus stearothermo- 
philus tyrosyl transfer RNA synthetase 
gene cloned into M 13, where the synthe- 
tase protein level approaches 50 percent 
of total soluble protein (9). The reasons 
for this difference are not yet known. 

Fig. 4. Autoradiogram of dideoxy sequencing 
gel comparing the wild-type E. coli DHFR 
gene sequence with the Asn-27 mutant gene 
sequence. The sequence shown is the comple- 
mentary strand. The codon change (reading 
from top to bottom) is GAT (wild type; Asp) 
to AAC (Asn). 
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Fig. 5. Asn-27 mutant protein overproduction 
and purification visualized by Coomassie blue - 
staining of SDS-PAGE. Overproduction of 

Ir the mutant protein can be seen by comparing 
the lysates of E. coli containing pUC8 with h 
(lane B) and without (lane A) the DHFR gene C. 

C C 

insert. In the purification of DHFR, 1 to 3 I- 

liters of cells in early stationary phase are 
lysed, either by sonication or Brij treatment - 

(27). The lysate (lane B) was then applied to a 
2.5 by 200 cm Sephadex G-75 column. The 
major peak following the void volume corre- - ww 
sponds to DHFR (lane C). This step typically 
resulted in an initial purification of SO-fold 
(2 90 percent pure). Application of the 
pooled protein peak to an arninohexylagarose 
column (1 by 18.5 cm) and elution with a 0 to 
0.6M KC1 gradient futher purified the DHFR 
about threefold (lane D) (25). The last step in A B C D E  
the purification was elution from a DEAE- 
Sephadex column (1.5 by 38 cm) with a 0 to 0.7M KC1 gradient (lane E). The various mutant 
DHFR proteins were homogeneous as determined by PAGE. A typical yield when the pUC8 
vector was used for expression was 8 rng of protein per liter, whereas purification of Ala-95 
mutant expressed in M13mp8 resulted in < 0.3 mg of protein per liter. The bottom of the gel is 
the anode end. 

Increased production of the wild-type 
DHFR, as well as the Asn-27 and Cys-39 
mutant proteins, was achieved by clon- 
ing a Bam HI fragment containing the 
DHFR gene from M13mp8 into the plas- 
mid pUC8 (17) maintained in E. coli 
strain SK383. However. we observed 
that plasmids that contained the mutant 
promoter and that were purified from 
cultures not kept under the selective 
pressure of trimethoprim (TMP) gave a 
restriction pattern indicating that partial 
reversion to the wild-type fol gene had 
occurred, presumably as a result of re- 
combination between the plasmid and 
the chromosomal genes. This reversion 
seems to be related to the presence of the 
mutant promoter in fol, since it is not 
observed when the wild-type promoter is 
present. The problem was circumvented 
by growing starter cultures in the pres- 
ence of TMP and then washing the pel- 
leted cells before inoculating the large- 
scale growth media. The procedure was 
monitored by restriction analysis of plas- 
mid DNA. 

Since resistance to TMP is necessary 
to prevent reversion by recombination, 
genes coding for inactive mutant 
DHFR's cannot be expressed in the plas- 
mid pUC8 as outlined above. Such is the 
case for the Ala-95 mutant. Fortunately, 
no reversion has been observed for the 
wild-type or any of the mutant genes 
when in M13, and expression of the Ala- 
95 mutant protein was obtained, albeit at 
much lower levels, in the mutant phage. 

From the foregoing, it is evident that 
the degree of TMP resistance of cells 
carrying a given mutant DHFR gene 
provides a useful, preliminary in vivo 
assay for mutant enzyme activity. For 
example, at TMP concentrations of 10 

pglml, we noticed that the growth rate of 
cells containing the Asn-27 plasmid was 
markedly decreased with respect to the 
growth rate of cells containing the wild- 
type plasmid or Cys-39 plasmid. This 
observation suggested that the Asn-27 
mutant enzyme had reduced activity. 
Further, our inability to maintain the 
Ala-95 mutation in pUC8 suggested that 
the Ala-95 protein is inactive. 

Protein Purification and 

Initial Characterization 

Mutant protein production was detect- 
ed by comparison of cellular lysates 
by sodium dodecyl sulfate (SDS)-reduc- 
ing polyacrylamide gel electrophoresis 
(PAGE). The control lysate was ob- 
tained from cells containing the plasmid 
or phage without the DHFR gene insert. 
A prominent new protein band in the 
lysate from cells containing the mutant 
DHFR gene was presumed to be the 
mutant protein (see lanes A and B in Fig. 
5) .  

Since our mutagenesis experiments 
are expected to generate some totally 
inactive DHFR's, we developed a purifi- 
cation procedure that is not dependent 
on enzyme binding of inhibitors or sub- 
strates but rather on general physical 
properties of the protein. The purifica- 
tion process was monitored by PAGE 
rather than by activity assays; this again 
allows the purification of inactive pro- 
teins. Details of the purification proce- 
dure are described in Fig. 5. 

As a preliminary characterization, pu- 
rified proteins were examined by non- 
denaturing PAGE, in which mobility de- 
pends on the shape and charge of the 

proteins. In addition, the nondenaturing 
gel system allows in situ enzyme assays 
by staining for activity (18). Thus we 
were able to observe, at least qualitative- 
ly, any gross differences in physical 
properties and catalytic activities result- 
ing from the various mutations. 

For mutants with very low enzyme 
activity, contamination with wild-type 
DHFR of chromosomal or recombined 
plasmid origin (or both) was a serious 
concern, and additional separation meth- 
ods were used to further purify these 
mutant enzymes. In addition, in the case 
of the Asn-27 protein, the possibility of 
posttranslational deamidation (to aspar- 
tic acid) had to be considered. The de- 
gree of contamination with wild-type 
DHFR was monitored by activity stains 
on nondenaturing gels. 

Asn-27 mutant protein. Nondenatur- 
ing gel electrophoresis of the Asn-27 
protein shows that the mutant protein 
did not migrate as fast as the wild-type 
DHFR (lane D in Fig. 6). The lower 
electrophoretic mobility of the Asn-27 
protein is consistent with the anticipated 
alteration in charge (Asp-27 + aspara- 
gine). Activity stains of the Asn-27 pro- 
tein on a nondenaturing gel showed 
bands in both the wild-type and the mu- 
tant positions. This observation of dis- 
tinct and separate bands on an activity- 
stained electrophoretic gel clearly shows 
that the mutant protein has its own in- 
trinsic enzymic activity, although at a 
much lower level than the wild-type 
DHFR. In the isolated Asn-27 mutant 
protein preparation we found that, al- 
though wild-type contamination was less 
than 1 percent of the total protein, it 
accounted for more than 90 percent of 
the total activity. 

Affinity chromatography with immobi- 
lized methotrexate (MTX) was used ini- 
tially in an attempt to separate the wild- 
type and Asn-27 proteins. The Asn-27 
protein bound to immobilized MTX, but 
did not elute under high salt-high p H  
conditions (1M KCl,  p H  9.0) (19). After 
addition of folic acid, the wild-type and 
Asn-27 proteins eluted together. Al- 
though these elution conditions may not 
allow separation of proteins with MTX 
affinity differences of as much as 1000- 
fold, the results indicate that the mutant 
Asn-27 protein still has significant affini- 
ty for MTX. 

The isoelectric points (PI'S) of the 
wild-type and Asn-27 proteins, as deter- 
mined by marker analysis (20) in analyti- 
cal scale polyacrylamide tube isoelectric 
focusing gels, were found to be 4.5 and 
4.8, respectively. This large a difference 
in pI values makes the wild-type and 
Asn-27 proteins easily separable on a 
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preparative scale by granulated bed iso- 
electric focusing when a pH gradient of 
short range (4 to 6) is used. A peak in the 
enzyme activity profile corresponds to 
the pI value of the mutant Asn-27 pro- 
tein; no activity was detected at the pI 
value corresponding to the wild-type 
DHFR. This experiment again shows 
that the Asn-27 protein has its own in- 
trinsic activity. The observation that the 
pI of the mutant Asn-27 protein is slight- 
ly higher than that of the wild type is in 
accord with the mutation of Asp-27 to 
asparagine. These pI values are compa- 
rable to the value of 4.6 previously re- 
ported for the RTSOO form 1 of the E. coli 
DHFR (21). 

Cys-39 mutant protein. As expected, 
the purified Cys-39 mutant protein was 
found to contain a total of three sulfhy- 
dryls (versus two in the wild type) by 
both Ellman's titration of the fully re- 
duced protein (22) and by cysteic acid 
determination (23). 

Nondenaturing gel electrophoresis of 
the Cys-39 protein in the absence of 
reducing agents showed that'the mutant 
DHFR was present in several forms. 
After reduction with either dithiothreitol 
(10 mM) or 2-mercaptoethanol (100 
mM), only one form remained; this indi- 
cates that the multiplicity of forms is 
probably due to various inter- and intra- 
molecular disulfide bridgings and other 
oxidation states of the cysteine residues. 
Since the Cys-39 protein was purified 
under nonreducing conditions to prevent 
reduction of the anticipated Cys-39-Cys- 
85 disulfide, it is likely that the protein 
underwent cysteine oxidation to the sul- 
fenic and disulfide states, both of which 
are readily reduced by thiols. 

Ellman's titrations of the nonreduced 
protein showed that fewer than one free 
sulfhydryl was present. This result indi- 
cates that most of the cysteines have 
been oxidized and, although it seemed 
likely that one form would have the 
desired Cys-39-Cys-85 intrachain disul- 
fide, we have not yet shown definitively 
that it has actually been formed. 

Activity staining of the Cys-39 protein 
in nondenaturing gels revealed that all 
the DHFR species were active, with the 
fully reduced form showing the highest 
activity. Indeed, a comparison of the 
activities of nonreduced versus reduced 
Cys-39 mutants showed that activity al- 
most doubled on complete reduction of 
the protein. 

Ala-95 mutant protein. Nondenaturing 
gel electrophoresis of the Ala-95 DHFR 
shows that the mutant protein does not 
migrate as fast as the wild-type protein 
(lane D in Fig. 6). Since an alteration in 
charge is not anticipated for the Ala-95 
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Fig. 6. A nondenaturing electrophoretic gel of 
wild-type and mutant DHFR proteins visual- 
ized by Coomassie blue staining. Lanes B and 
E are wild-type protein, lane A is the Cys-39 
protein, lane C is the Ala-95 protein, and lane 
D is the Asn-27 protein. The bottom of the gel 
is the anode end. 

DHFR (glycine -+ alanine), the different 
band position may be due to a conforma- 
tional change. Activity staining of the 
Ala-95 protein in a nondenaturing gel 
shows a band in the wild-type position 
only. This suggests that the residual ac- 
tivity associated with the Ala-95 prepara- 
tion is due to copurifying wild-type 
DHFR. 

Specijc activities. Specific activities 
of the various mutant DHFR proteins 
and of the wild-type protein were deter- 
mined at pH 7.0 and room temperature 
by the procedure of Baccanari and 
Joyner (24). The specific activities are 50 
units per milligram of protein for both 
the wild-type and fully reduced Cys-39 
and 0.05 unit per milligram of protein for 
the Asn-27. For these specific activi- 
ty measurements, copurifying wild-type 
DHFR was removed from the Asn-27 
protein only and not from the Cys-39 
preparation, since the latter has full ac- 
tivity and the wild type constitutes less 
than 1 percent of the total protein. As a 
check on our activity measurement pro- 
cedure, we found that the specific activi- 
ty for the wild-type DHFR is comparable 
to the specific activity for the RT500 
form 1 E. coli enzyme reported by Bac- 
canari et a/. (21). 

Discussion 

Using oligonucleotide-directed muta- 
genesis, we generated three different mu- 
tant DHFR proteins. Initial characteriza- 
tion of these mutant proteins indicates 
that substantial changes in protein char- 
acter are associated with each modifica- 
tion. 

For the Asn-27 protein, a low specific 
activity (0.1 percent of that of the wild 

type) was seen. This observation strong- 
ly supports the postulated role of the 
Asp-27 side chain in catalysis. Neverthe- 
less, that there remains some residual 
activity suggests that the Asp-27 residue 
(wild type) is not the sole factor involved 
in stabilizing the protonated transition 
state. 

The Cys-39 mutant shows that a cys- 
teine at position 39 does not seem to 
affect enzymic activity of DHFR, since 
the mutant is fully active in the reduced 
form. Our preliminary data suggest, 
however, that activity is significantly di- 
minished on oxidation of the protein, and 
although we have not unequivocally es- 
tablished the formation of the Cys-39- 
Cys-85 intrachain disulfide, its existence 
seems likely since oxidation of wild-type 
Cys-85 and Cys-152 with Ellman's re- 
agent has no effect on enzymic activity 
(12). The diminished activity of the oxi- 
dized Cys-39 protein could result, then, 
from a loss of some dynamic flexibility in 
the molecule when the alpha E helix is 
tethered by a disulfide to the beta B 
strand, but a structural explanation for 
this hypothesis is not readily apparent 
from inspection of the DHFR structure. 

Our preliminary tests indicate that 
substitition of an alanine for Gly-95 
causes complete inactivation of DHFR. 
Also the lower mobility of the Ala-95 
protein on nondenaturing gels suggests 
that a change in conformation has oc- 
curred. These two results are consistent 
with our expectation that an alanine at 
position 95 would disturb the conforma- 
tion of the Gly-95-Gly-96 cis peptide and 
thereby affect the activation of the nico- 
tinamide ring of NADPH. Extensive 
changes in structure have probably not 
occurred since the behavior of the Ala-95 
protein on an aminohexylagarose col- 
umn (25) during purification was identi- 
cal to that of the wild-type DHFR, an 
indication that the general DHFR protein 
fold has been retained in the Ala-95 
protein. 

The above experiments establish that 
the technique of directed mutagenesis, in 
conjunction with accurate three-dimen- 
sional x-ray crystal structure determina- 
tions, constitutes a powerful tool for 
investigating relations between structure 
and function in enzymes. This approach 
might be of value in inducing useful 
functional changes in enzyme molecules. 
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Surface Molecules Identify 
Groups of Growing Axons 

R. D. G .  M c K a y ,  S. Hockfield,  J .  J o h a n s e n  

I. T h o m p s o n ,  K. Freder iksen  

In contrast to those of vertebrates the organization of neuronal cell bodies in 
nervous systems of many invertebrates the leech offers a great advantage as an 
contain relatively few neurons. In the experimental system ( I ) .  We made use of 
leech, for example, the central nervous this anatomical simplicity to  screen a 
system is made up of a total of lo4 large number of monoclonal antibodies, 

Summary Studies on vertebrate and invertebrate species have established that, 
during development, axons have the ability to choose particular paths over others 
The chemical basis of this pathfinding is not clear but biochemical differences 
between neurons have long been postulated to account for the specificity of neuronal 
connections. Such subtle molecular differences between different cells in a single 
tissue are difficult to study with standard biochemical techniques but hybridoma 
technology has offered a potential solution to this type of problem. This technique has 
made possible the production of monoclonal antibodies for identifying and character- 
izing a family of glycoproteins which are expressed on the surface of specific axon 
bundles during the development of the leech nervous system. The results show that 
groups of growing axons do indeed carry chemically distinct surface molecules 

neurons, but these are arranged in re- raised against the dissected nerve cord, 
peating similar ganglia, each composed for the ability to recognize antigens pres- 
of only 400 neurons. Within a ganglion ent in subsets of neurons (2). The initial 
many of the neurons are bilaterally sym- fusions generated several hundred hy- 
metrical so the basic unit of the leech bridoma cell lines. 
nervous system is a 200 cell half gangli- Using a whole mount preparation of 
on. This anatomical simplicity of the the leech ganglion as our immunohis- 
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tochemical assay, we found that approxi- 
mately 10 percent of these lines secreted 
antibody that bound to subsets of neu- 
rons. These monoclonal antibodies, 
which bound to subsets of neurons, often 
bound to overlapping subsets; but in no 
cases in our initial studies did we find 
two antibodies which recognized the 
same subset of neurons. As we saw more 
than 30 different staining patterns with- 
out a repeat, there is a high statistical 
probability that there are more than 200 
differentially distributed antigens in the 
leech nerve cord. These data suggest 
that the nervous system is made up of a 
complex series of chemically differenti- 
ated cell types; they are consistent with 
measurements of a high degree of neuro- 
nal complexity obtained by different 
methods in vertebrate nervous systems 
(3, 4). These data are also consistent 
with models where synaptic networks 
and other differentiated physiological 
functions and anatomical features of the 
nervous system result from molecular 
differences between neurons. 

Another important consequence of the 
production of antibodies to antigens in 
subsets of neurons is that these antibod- 
ies have allowed us to see surprising new 
features in the cellular organization of 
the leech nervous system and that of 
vertebrate (5-7). In the leech, we have 
made use of the simple anatomy of its 
central nerve cord to show that axons 
are organized into stereotyped groups 
(5). The leech central nervous system 
consists of a chain of segmental ganglia. 
Large bundles of axons, the connectives, 
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