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Homologous mammalian proteins were subjected to an exhaustive search
for residues that are critical to their structure/function. Error-prone
polymerase chain reactions were used to generate random mutations in
the genes of bovine pancreatic ribonuclease (RNase A) and human
angiogenin, and a genetic selection based on the intrinsic cytotoxicity of
ribonucleolytic activity was used to isolate inactive variants. Twenty-three
of the 124 residues in RNase A were found to be intolerant to substitution
with at least one particular amino acid. Twenty-nine of the 123 residues in
angiogenin were likewise intolerant. In both RNase A and angiogenin, only
six residues appeared to be wholly intolerant to substitution: two histidine
residues involved in general acid/base catalysis and four cysteine residues
that form two disulfide bonds. With few exceptions, the remaining critical
residues were buried in the hydrophobic core of the proteins. Most of these
residues were found to tolerate only conservative substitutions. The
importance of a particular residue as revealed by this genetic selection
correlated with its sequence conservation, though several non-conserved
residues were found to be critical for protein structure/function. Despite
voluminous research on RNase A, the importance of many residues
identified herein was unknown, and those can now serve as targets for
future work. Moreover, a comparison of the critical residues in RNase A and
human angiogenin, which share only 35% amino acid sequence identity,
provides a unique perspective on the molecular evolution of the RNase A
superfamily, as well as an impetus for applying this methodology to other
ribonucleases.
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Introduction

which every residue in a protein is replaced
individually or in combination.” " Such analyses

Sequence alignments of homologous proteins
suggest that only a subset of residues are critical
for the formation and maintenance of their three-
dimensional structures.'” This supposition has been
confirmed by systematic experimental analyses in

Abbreviations used: ALS, amyotrophic lateral sclerosis;
ANG, human angiogenin; ASA, accessible surface area; B,
cytosine, guanine, or thymine; CFIS, chain-folding
initiation site; D, adenine, guanine, or thymine; H,
adenine, cytosine, or thymine; PBS, phosphate-buffered
saline; PDB, Protein Data Bank; RNase A, bovine
pancreatic ribonuclease; rDNA, recombinant DNA; rRNA,
ribosomal RNA; V, adenine, cytosine, or guanine.

E-mail address of the corresponding author:
raines@biochem.wisc.edu

have revealed that amino acid sequences are indeed
plastic, but not completely so. For example, the
overall conservation of a residue is correlated with
its importance, and buried residues are especially
intolerant to substitution. An exhaustive search for
critical residues has not, however, been done on
homologous proteins.

Nearly 50 years ago, Anfinsen and co-workers
employed bovine pancreatic ribonuclease (RNase A;
EC 3.1.27.5) to reveal that the amino acid sequence
of a protein is sufficient to encode its three-
dimensional structure.'"*'> In the decades since
this seminal discovery, RNase A has been used as
a model to study nearly all aspects of protein
structure and function, including enzymatic cataly-
sis; protein folding, structure, and stability; and
molecular evolution.'® The determination of the
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amino acid sequences of many RNase A homologs
(especially by Beintema and co-workers®****%) to-
gether with related structural information®*° pro-
vide a unique opportunity to reveal the interplay
between a sequence of amino acids, its conservation,
and the structure/function of the ensuing protein.

Homologs of RNase A have been found to dis-
play intriguing biological activities. 2431735 For
example, the amino acid sequence of angiogenin
is 35% identical to that of RNase A.** But unlike
RNase A, anglogenm promotes the growth of
new blood vessels,”” ™ an activity that relies on its
ribonucleolytic activity.**' In addition, angiogenin
acts as a transcription factor for rRNA, 22 as well as
an antlbacterlal and antifungal protein involved in
host defense.*> Recently, mutations in the angio-
genin gene have been linked to amyotrophic lateral
sclerosis (ALS), a neurodegeneratlve disorder.**
Such findings have led to an increasing interest
in structure—function relationships within the RNase
A superfamily, and have made ribonucleases
both attractlve targets and useful tools in disease
research.”!

Here, systematic mutation of the genes encoding
RNase A and human angiogenin are combined with
a genetic selection to reveal residues that are critical
for the structure/function of these homologous
ribonucleases. Even though RNase A was perhaps
the most studied enzyme of the 20st century,'®®
many “new” critical residues are identified in its
amino acid sequence. Moreover, reaching across the
evolutionary landscape to human angiogenin pro-
vides an unprecedented perspective on those resi-
dues that are truly important for structure/function
within the RNase A superfamily.

Results and Discussion

Genetic selection system for ribonucleases

Genetic selection can be used to identify a single
encoded biopolymer w1th a particular attribute from
a library as large as 10", allowing discoveries to be
made that are not possible by other means.* To
identify the critical residues in RNase A and
angiogenin, it was necessary to develop a selection
system for the structure/function of a pancreatic-
type ribonuclease. The ability of a ribonuclease to
cleave cellular RNA and thereby cause cell death
provides an obvious basis for such a system. Its high
transformation efficiency and other attributes make
Escherichia coli an ideal host for a genetic selection.*®
RNase A and its homologs are not toxic, however,
when produced in typical E. coli strains. These
enzymes contain three or four disulfide bonds,*
and do not fold in the reducmg environment of the
E. coli cytosol (Figure 1).*”

Strains of E. coli have been engineered to allow for
disulfide-bond formation in the cytosol.**° For
example, the Origami™ strain (Novagen, Madison,
WI) has mutations in the thioredoxin reductase and

ribonuclease

aggregation
—
RNA
cleavage "
—_—) ce
2 _ death

Origami™ E. coli

Figure 1. Genetic selection system for the RNase A
superfamily. RNase A and its homologs aggregate rather
than fold when produced in typical strains of E. coli. The
Origami™ strain has a more oxidizing cytosol, allowing
for disulfide-bond formation and proper folding. Accord-
ingly, RNase A and its homologs are toxic to Origami™
cells, unless missing a residue essential for structure/
function. GSH, reduced glutathione; GSSG, oxidized
glutathione.

glutathione reductase genes that combine to enable
disulfide-bond formation in the cytosol. Conse-
quently, plasmid-encoded RNase A homologs
could be toxic to Origami™ cells, thus enabling the
identification of inactive variants (Figure 1).

Wild-type RNase A and wild-type human an-
giogenin were indeed toxic to Origami™ cells
(Figure 2). Leaky expression of the RNase A or
angiogenin gene from an uninduced Py,. promoter
was sufficient to kill those cells. To identify a
threshold of activity that allows for cell growth,
Origami™ cells were transformed with plasmids
encoding active-site variants that were known to
have a range of ribonucleolytic activities, as mea-
sured in vitro with defined RNA substrates. (In
contrast, a cell contains a myriad of RNA sequences
and structures, making the catalytic activity of a
ribonuclease variant measured in vitro only a crude
approximation of its activity within an Origami™
cell.)

The ribonucleolytic activity of K41R RNase A 1s
~140-fold less than that of the wild-type enzyme,’
yet this variant was toxic to OrlgamlTM cells On
the other hand, H12A RNase A has >10*-fold
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Figure 2. Threshold activity of the genetic selection
system. Plasmids encoding RNase A or angiogenin were
transformed into Origami™ cells and allowed to grow for
two days in the absence or presence of IPTG, which in-
duces gene expression. 1 Anglogerun 2, K40R anglogerun
(~2% catalytic act1V1ty %; 3, HI3A angiogenin (~0.01%
catalytic act1v1ty ) 4, RNase A; 5, K41R RNase A (~0.7%
catalytlc activity”'); 6, H12A RNase A (~0.01% catalytic
activity™).

diminished catalytic activity” and allowed for cell
growth (Figure 2). Thus, the threshold activity of
RNase A for growth in our selection system was
between ~0.01% and ~0.7% of wild-type activity.
This threshold activity is fateful, as the number of
residues identified as cr1t1cal” depends on the
stringency of a genetic selection.'’ A less stringent
selection would have led to the growth of more
Origami™ colonies, but revealed little about which
residues are the most important to protein struc-
ture/function; whereas a more stringent selection
would have led to fewer colonies, but revealed no
information about residues that have a substantial
but not critical impact on protein structure/func-
tion. The threshold activity of our selection system is
similar to that found previously for barnase, K
microbial ribonuclease that lacks disulfide bonds."!
Angiogenin has a ribonucleolytic activity that
has been measured in vitro with defined substrates
to be >10°-fold less than that of RNase A.”
Yet, angiogenin is toxic to Origami™ cells, even
without induction of its gene. There is evidence
that angiogenin could be an effective catalyst for
the cleavage of specific cellular RNAs (such as
rRNA>**°), RNA secondary structures, or pro-

tein'RNA complexes,53’56’57 and these activities

could contribute to its cytotoxicity.

The threshold activity of angiogenin, like that of
RNase A, was determined empirically. A K40R
substitution in the active site of angiogenin that
decreases ribonucleolytic activity by ~50-fold*’
allowed for cell growth. Yet, when transcription of
its gene was induced with 100 pM IPTG, K40R
anglogemn was cytotoxic. HI3A angiogenin, which
has >10* fold less catalytic activity than the wild-
type enzyme,*' allowed for cell growth even upon
induction with 100 uM IPTG (Figure 2). Thus, the
threshold activity of angiogenin for growth upon
induction in our selection system was between
~0.01% and ~2% of wild-type activity. To enable a
comparison of critical residues in RNase A and
angiogenin, all selection experiments described
herein were performed in the absence of IPTG for
RNase A and the presence of 100 uM IPTG for
angiogenin, conditions that provide a similar thresh-
old activity.

It is noteworthy that colonies containing plasmids
that should cause cell death appeared at a frequency
of ~107° (Figure 2). In these rare colonies, insertions—
deletions and other spontaneous mutations were
found in the gene encoding RNase A or angiogenin,
or recombination was found in the plasmid (data not
shown). These mutations were hkelg/ due to errors by
the E. coli replication machinery.”

Creation of single-base substitution libraries

Error-prone PCR was used to generate libraries of
mutated RNase A and angiogenin genes. This
method of systematic mutagenesis offers advan-
tages over alternatives. For example, using prlmer-
base methods to mutate each codon'"'**’ or using
amber-suppression strains w1th a library of genes
containing amber codons®®* are much more ardu-
ous. Error-prone PCR has, however, an evident
drawback: mutational bias.®'¢>

To overcome mutational bias, two distinct poly-
merases were used to generate libraries of mutated
genes. The mutational bias and randomness of these
libraries were analyzed by using E. coli DH5a cells
(Table 1), which are not susceptible to RNase A and
anglogenm In agreement with previous results, 6163
using Taq polymerase in the presence of Mn*" led to
a large excess of A/T—G/C mutations, though
C/G—>T/A and A/T—T/A mutations were also
well represented. A/T—-C/G, C/G—A/T, and
C/G—G/C mutations were nearly absent from
the Tag libraries (Table 2). To compensate for the
mutational bias of Tag polymerase, libraries were
also prepared with Mutazyme® polymerase,®!
which is biased towards C/G— D/H mutations.**
Mutazyme® polymerase was found to be biased
towards C/G— T/A mutations, though A/T—G/C
and A/T—T/A mutations were also well repre-
sented (Table 2). Thus, for both Tag and Mutazyme®
polymerases, the three most common mutations
were A/T—-G/C,A/T—T/A,andC/G—T/A,but
to different extents. A/T—C/G, C/G—A/T, and
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Table 1. Overview of error-prone PCR libraries

Polymerase Taq Mutazyme®

Gene RNase A Angiogenin RNase A Angiogenin

Library size 1.1x10°  9.6x10°  1.5x10°  2.6x10°

Base-pairs 33,480 33,210 30,132 35,793
sequences

Mutations 81 82 45 44

Mutation 0.24 0.25 0.15 0.12
rate (%)

Insertions® 0 (0%) 0 (0%) 1(2.2%) 0 (0%)

Deletions” 4(47%) 1(1.2%) 0 (0%) 3 (6.4%)

Sequences with 0 47.8 36.7 63.0 60.8
mutations (%)

Sequences with 1~ 30.0 43.3 23.5 34.0
mutation (%)

Sequences with 2 13.3 133 8.6 41
mutations (%)

Sequences 8.9 6.7 49 1.0
with >3

mutations (%)

Data were obtained with E. coli DH5« cells, which are not
susceptible to RNase A or angiogenin.

# Number in parentheses indicates the percentage of total
mutations that resulted from insertions.

> Number in parentheses indicates the percentage of total
mutations that resulted from deletions.

C/G—G/C mutations were underrepresented in all
four libraries, but were more abundant in the
Mutazyme® than the Taq libraries.

Mutagenesis conditions were designed to provide
one mutation per gene. Under these conditions, the
Tag libraries had a mutation frequency of ~0.24%
(one mutation per ~400 bp), whereas the Muta-
zyme® libraries had a mutation frequency of
~0.14% (one mutation per ~700 bp) (Table 1). Of
course, individual gene sequences contained a
discrete number of mutations. Genes with no
mutations were cytotoxic, and did not affect the
results. Genes with multiple missense mutations
were excluded from the analysis, as it is unclear
which mutation or combination thereof was impor-
tant. No genes containing only a silent mutation
were isolated, indicating that rare codons did not
have a discernable effect on our selection system.

RNase A and angiogenin gene sequences were
obtained from Origami™ colonies that grew under
selection conditions. For RNase A, 386 of the 1920
gene sequences (Tag: 686, Mutazyme®: 1274) were
found to contain a single missense mutation. These
386 mutations led to 49 distinct changes to amino
acid residues (Table 3, column 3), the other 337 being
redundant. For angiogenin, 377 of the 1920 gene
sequences (Tag: 768; Mutazyme®: 1152) contained a
single missense mutation leading to 66 distinct
changes to amino acid residues (Table 4, column
3), the other 311 being redundant. The large number
of redundant changes found in both RNase A and
angiogenin admonishes another drawback of
libraries made with error-prone PCR: uncertainty
that a specific mutation is represented in the library.
For example, F8I RNase A should be represented in
our libraries, as it arises from a common A/T—T/A
mutation. An F8S substitution inactivated RNase A,

allowing for growth in Origami™ cells (vide infra).
Yet, an F8I variant was not isolated. We assume (but
with confidence) that an F8I substitution is not
sufficiently deleterious to enzyme structure/func-
tion to allow for growth in Origami™ cells.

Despite its drawbacks, we believe that error-prone
PCR along with a suitable genetic selection (or
screening) system is a superior method for identify-
ing quickly and comprehensively those residues
that are essential for protein structure/function.
Reagents for error-prone PCR are inexpensive, and
the protocols are neither time-consuming nor dif-
ficult. Large libraries can be created in a few days,
after which experiments are limited only by the
growth of colonies, and the determination and
analysis of DNA sequences.

Selection for inactivating mutations

Error-prone PCR libraries were transformed into
Origami™ cells. Colonies were picked after two
days of growth at 37 °C. (Origami™ cells grow more
slowly than do typical E. coli cells.) Fewer colonies
were obtained at lower temperatures (data not
shown), presumably because a substitution would
then have had to reduce the conformational stability
of the enzyme more drastically to allow for colony
growth. Colonies were grown in 96 1 ml cultures for
24 h at 37 °C. Plasmid DNA was isolated, and the
sequence of the RNase A or angiogenin gene was
obtained in both directions.”® These sequences were
aligned, and mutations were detected computation-
ally. Each sequence was also scanned manually for
insertions and deletions, and for artifacts.

RNase A and angiogenin: a global view of
inactivating mutations

The structure/function of RNase A is quite
tolerant of single amino acid substitutions. Of the
124 residues in RNase A, 101 can be changed without
inactivating the enzyme (Table 3; Figures 3 and 4;
Movie S1 in the Supplementary Material). Moreover,
only six residues in the enzyme appear to be wholly
intolerant of substitution. The chance of randomly
replacing an amino acid residue in RNase A and

Table 2. Bias in error-prone PCR libraries

Taq Mutazyme®

Polymerase

Gene RNase A Angiogenin RNase A Angiogenin
A/T—-C/G (%) 2.5 12 8.9 9.1
A/T—G/C (%) 56.8 59.8 222 15.9
A/T—T/A (%) 12.4 26.8 13.3 18.2
C/G—-A/T (%) 6.2 12 13.3 6.8
C/G—G/C (%) 12 0.0 8.9 15.9
C/G-T/A (%) 21.0 11.0 333 34.1
Ts/Tv" 35 24 12 1.0
A/T—B/V (%) 71.6 87.8 44.4 43.2
C/G-D/H (%) 284 12.2 55.6 56.8

Data were obtained with E. coli DH5« cells, which are not
susceptible to RNase A or angiogenin.
& Transitions/transversions.
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Table 3. Inactivating mutations in bovine pancreatic ribonuclease

Mutations  Mutations not .

Group Residue  isolated isolated® Conservation (%)b Conservation (%)° ASA (A?) Notes

1 H12 D,LQRY - 98.1 100.0 10.8 General base catalysis

1 K41 EM,N R 99.3 100.0 37.8 Hydrogen bond to transition state

I H119 LQRY - 98.9 100.0 82.8 General acid catalysis

11 F8 S,V ILLY 98.1 100.0 3.5 Interacts with H12; hydrophobic

core

11 N44 Y DS 98.1 100.0 3.2 Hydrogen bonds to H12 and K41;
hydrophobic core

1I F46 CS LLY 99.6 100.0 0.0 Hydrophobic core; CFIS

I V54 D Al 72.2 50.0 0.1 Hydrophobic core

II V57 E AM 63.2 50.0 0.0 Hydrophobic core

1I Y73 D C,FHN 26.7 34.6 32.4 Hydrophobic core

11 S75 LR C,GN 89.5 100.0 1.9 Hydrophobic core

I Y97 CN FH 99.6 100.0 10.0 Hydrogen bond to K41;
hydrophobic core

11 1106 N ETV 49.6 80.8 0.0 Hydrophobic core; CFIS

I V108 EG AM 774 92.3 0.0 Hydrophobic core; CFIS

I A109 D TV 88.0 84.6 2.6 Interacts with H119; hydrophobic

core; CFIS

1I F120 S LLY 45.5 61.5 25.6 Hydrogen bond to transition state;
hydrophobic core

11T Q60 P LR 34.6 50.0 424 Hydrogen bonds to V57

1II T82 P AlLS 86.1 100.0 0.2 Hydrogen bonds to F46

v C26 R,S,Y - 100.0 100.0 0.0 Forms disulfide bond with C84

v C58 EGR,S,Y - 100.0 100.0 9.5 Forms disulfide bond with C110

v C65 EY RS 79.3 50.0 8.4 Forms disulfide bond with C72

v Cc72 SW RY 80.1 50.0 0.0 Forms disulfide bond with C65

v C84 R,SY - 98.9 100.0 0.0 Forms disulfide bond with C26

v C110 R,SY - 99.6 100.0 2.0 Forms disulfide bond with C58

# Mutations that were likely present in the error-prone PCR libraries, resulting from A/T—G/C, A/T-T/A, or G/C—A/T

substitutions.

P Percentage of a set of 266 ribonucleases that contain the residue found in RNase A.
¢ Percentage of a set of pancreatic ribonucleases and angiogenins from 13 species that contain the residue found in RNase A.

inactivating the enzyme is 12.7%. This value, which
has been dubbed the “x-factor”,'? includes the
generation of stop codons. Due to the degeneracy
of the genetic code, the probability of inactivating
RNase A with a single nucleobase substitution (the
nucleotide x-factor) is 9.4%.

The structure/function of angiogenin is slightly
more sensitive to amino acid substitutions (Table 4;
Figures 3 and 4). The x-factor for angiogenin is 16.2%
(11.5% on the nucleotide level). This greater sensi-
tivity could be due, at least in part, to angiogenin
having lower ribonucleolytic activity than RNase A.
In Origami™ cells, inducing the expression of the
angiogenin gene with IPTG produced results that
were qualitatively similar to those achieved with
just the leaky expression of the RNase A gene
(Figure 2). Of the 123 residues in angiogenin,
changes at 94 residues do not inactivate the enzyme.
As with RNase A, all but six residues are tolerant of
some substitutions.

The x-factor is not an independent variable. RNase
A and angiogenin are small enzymes (124 and 123
residues, respectively) that are similar in size to
barnase (110 residues) and T4 lysozyme (164
residues). The low probability for protein inactiva-
tion observed here is similar to the ~5% of single
amino acid replacements found to inactivate
barnase’' and the ~16% of changes found to in-
activate T4 lysozyme.® The x-factor of each enzyme
in this group correlates with its size. Still, the

threshold activity used in the selection also con-
tributes greatly. Mutations in the barnase gene were
identified only if they reduced enzymatic activity by
at least ~10°-fold."" Our selection system required a
~140 and ~50-fold reduction in the ribonucleolytic
activity of RNase A and angiogenin, respectively
(Figure 2). T4 lysozyme activity had to be decreased
by ~30-fold to be scored as defective.® The 33 kDa
human 3-methyladenine DNA glycosylase had an x-
factor of 34(£6)% in an assay in which positives had
5-10% of wild-type activity.'* Thus, the x-factor is a
variable that is largely dependent on the threshold
activity.

In all selection systems, residues are identified as
essential only if they are critical for a specific
function. In our system, mutations were identified
only if they severely decreased the ribonucleolytic
activity of RNase A or angiogenin. In animals, these
enzymes are known to interact with the ribonu-
clease inhibitor protein (RD)®® and to have other
functions, such as the promotion of angiogenesis.””
Although we have identified the residues that are
critical for ribonucleolytic activity, the number of
residues critical for all biological functions of each
enzyme is likely to be higher.

RNase A: essential residues

Of the 124 residues in RNase A, 23 were found
to be intolerant to substitution with one or more
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Table 4. Inactivating mutations in human angiogenin

Mutations  Mutations not i

Group Residue  isolated isolated® Conservation (%)b Conservation (%)° ASA (A?%) Notes

I H13 D,LQRY - 98.1 100.0 12.2 General base catalysis

I K40 ELN R 99.3 100.0 61.3 Hydrogen bond to transition state

1 H114 LN,PQR)Y - 98.9 100.0 92.5 General acid catalysis

I F9 CILSV LY 98.1 100.0 3.4 Interacts with H13; hydrophobic

core

11 M30 K ILLTV 97.4 100.0 0.0 Hydrophobic core

I R33 G,P CH 50.4 96.2 60.6 Shields C26 and M30 from solvent

I N43 Y DS 98.1 100.0 0.0 Hydrogen bonds to H13 and K40;
hydrophobic core

I T44 KPP ALS 98.9 100.0 0.0 Base specificity; hydrophobic core

I F45 CS ILLY 99.6 100.0 0.0 Hydrophobic core

11 146 N ETV 22.6 46.2 0.1 Hydrophobic core

11 H47 QR LY 84.2 100.0 10.8 Conformational change in catalysis

I 153 N ETV 17.7 50.0 3.3 Hydrophobic core

I 156 N FET,V 26.7 50.0 0.0 Hydrophobic core

I S72 N,R CG 89.5 100.0 5.0 Hydrophobic core

I V78 D Al 16.9 42.3 1.5 Hydrophobic core

I T79 AN,P 1S 86.1 100.0 0.0 Hydrophobic core

I Y94 N CEH 99.6 100.0 2.7 Hydrogen bond to K41;
hydrophobic core

I V103 D Al 8.7 19.2 0.1 Hydrophobic core

I P112 H,R,S L 98.5 100.0 0.2 Hydrophobic core

I L115 S M 50.0 38.5 6.9  Hydrogen bond to transition state;
hydrophobic core

1T L10 P Q 16.2 50.0 21.7 Lies in a-helix between F9 and H13

it Q12 P LR 83.8 80.8 30.8 Lies in a-helix between F9 and H13

i R95 P Q 24.8 84.6 95.8 Interacts with Y94

v C26 R,SW)Y - 100.0 100.0 0.0 Forms disulfide bond with C81

v C39 EY RS 99.6 100.0 21.0 Forms disulfide bond with C92

v C57 EGR,SY - 100.0 100.0 27.5 Forms disulfide bond with C107

v C81 G,RS W)Y - 98.9 100.0 0.0 Forms disulfide bond with C26

v C92 R SY 99.6 100.0 7.1 Forms disulfide bond with C39

v C107 R,SY - 99.6 100.0 39.2 Forms disulfide bond with C57

? Mutations that were likely present in the error-prone PCR libraries, resulting from A/T—G/C, A/T—T/A, or G/C—A/T

substitutions.

b Percentage of a set of 266 ribonucleases that contain the residue found in angiogenin.
¢ Percentage of a set of pancreatic ribonucleases and angiogenins from 13 species that contain the residue found in angiogenin.

amino acid (Table 3; Figures 3 and 4; Movie S1 in the
Supplementary Material). To codify their analysis,
the amino acid substitutions that inactivate RNase A
were divided into four groups, which are similar to
those devised in a high-throughput mutagenesis
study on barnase."” Group I contains substitutions
that alter residues directly involved in catalysis.
Group II consists of changes to buried residues.
Group Il comprises substitutions in which proline is
the only residue found at a specific position. Group
IV contains changes to essential half-cystines.
Barnase lacks disulfide bonds, thus this last group
is new to our study. There is redundancy among the
groups. For example, many buried residues (Group
II) interact with a residue directly involved in
catalysis (Group I).

Group | residues (catalytic residues)

His12 and His119

There are three Group I replacements in RNase A.
The two renowned active-site histidine residues
(His12 and His119) are essential. This result is not
surprising, as the mechanism of the cleavage
reaction has long been known to employ these two

residues,é’&70 with His12 abstracting a proton from

the 2’ oxygen while His119 adds a proton to the
5" oxygen.””*®7! Substitutions at either residue
reduce enzymatic activity drastically.”*”

Lys41

Several substitutions at residue 41 inactivate
RNase A. Lys4l has been shown previously to
be critical for ribonucleolytic activity, as it do-
nates a hydrogen bond to the pentavalent transi-
tion state.”’”®> K41A RNase A has a k.,./Ky value
that is 10*-fold lower than that of the wild-type
enzyme.”* Yet, Lys41 can be replaced by arginine
with only a 10°-fold decrease in catalytic activity.”'
Gratifyingly, a K41R variant was not isolated, but
K41M, K41N, and K41E substitutions were, all of
which likely cause a marked decrease in catalytic
activity. Two other possible changes at position
41 were not isolated due to the mutational bias
of error-prone PCR. Either the K41Q or K41T
substitution would likely inactivate RNase A. The
relevant codons for glutamine and threonine are
CAG and ACG, respectively, which could arise only
from rare A/T— C/G mutations in the AAG codon
of Lys41.
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Figure 3. Amino acid sequence alignment of RNase A and angiogenin (ANG), along with substitutions found to
inactivate RNase A (above) and angiogenin (below). The sequence ahgnment was generated with the program
ClustalW."* Residues that are conserved between RNase A and angiogenin are boxed. Residues that are found in >90%
of ribonuclease sequences are colored green. Cysteine residues are colored yellow. Helices, sheets, and turns are indicated

by h, s, and t.

Group Il residues (buried residues)

The various clusters in the hydrophobic core of
RNase A have been well described,?***2"7>77%
though those residues that contribute most to
structure/function are largely unknown. Our selec-
tion system has revealed the most important of
these residues: 8, 44, 46, 54, 57, 73, 75, 97, 106, 108,
109, and 120. Many of these residues are in regions
of the protein that have been shown to be important
for folding and protein stability.””®' Typically,
residues in a hydrophobic core tolerate substitution
with other non—Eolar residues but not with polar
residues.* % 1%1/%2 Most substitutions in the
hydrophobic core that were identified with our

selection system have a hydrophobic residue
replaced with a polar or charged residue. In several
variants, however, large residues are replaced with
much smaller residues. A hydrophobic core can
contain a polar re31due with a saturated hydrogen-
bonding potential.” Substitutions to such residues
were found to disrupt the structure/function of
RNase A.

Phe8

The side-chain of Phe8 forms a cation—m interac-
tion with an essential catalytic residue, His12, 8 and
is in the major cluster in the hydrophobic core of the
protein.”” The F8W variant of RNase A, created for
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(d)

(e)

Figure 4. Essential amino acid residues in RNase A and angiogenin. Group I residues (residues involved in catalysis)
are colored green. Polar residues in Group II (buried residues) are colored blue. Hydrophobic Group II residues are
colored red. Group III residues (proline substitutions) are colored orange. Group IV residues (cysteine residues) are
colored yellow. The surface is transparent gray, and the backbone is in cartoon representation. (Also see: Movie S1 in the
Supplementary Material.) (a) Front view of RNase A (PDB: 7RSA). (b) Back view of RNase A. (c) Top view of RNase A. (d)
Front view of angiogenin (PDB: 1B1I). (e) Back view of angiogenin. (f) Top view of angiogenin. Images were generated
with the program PyMol (Delano Scientific, South San Francisco, CA).

the purposes of studying local and global unfolding
in the enzyme, was reported to lack ribonucleolytic
activity.** The F8S and F8V substitutions inactivate
RNase A sufficiently to allow for growth in our
selection system. Previous work on RNase S (which
is a non-covalent complex between residues 1-20

(S-peptide) and residues 21-124 (S-protein)) showed
that when Phe8 is replaced with an alanine residue
in the S-peptide, the side-chain of essential residue
Phe120 rotates to fill the nascent cavity.*> Replacing
Phe8 with serine or valine could also elicit this
deleterious consequence.
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Asn44

The side-chain of Asn44 accepts hydrogen bonds
from two critical residues involved in catalysis,
His12 and Lys41. In addition, the main-chain ni-
trogen and oxygen of Asn44 form hydrogen bonds
with the main-chain oxygen and nitrogen of the
essential residue Cys84 in an antiparallel p-sheet.
Asn44 is buried in RNase A and conserved uni-
versally, but has not been reported to be essential for
catalysis (barring unreliable results on 63-residue
RNase A analogs®). Only the N44Y variant of
RNase A was isolated with our selection system. As
Asn44 is buried completely, it is possible that a large
tyrosine residue at this position is particularly
disruptive.

Phe46

Phe46 is a critical residue in the hydrophobic core
of RNase A, linking two separate clusters of
hydrophobic residues.”® Phed6 is also a chain-
folding initiation site (CFIS) residue, important for
the rapid folding of the enzyme.”®® Replacing
Phe46 with a glutamate or lysine residue has been
shown to decrease greatly the conformational sta-
bility of the protein, whereas replacement of Phe46
with valine has less of an effect.”®® The F46Y
variant of RNase A retains nearly full enzymatic
activity, but has a T,,, value that is 9 deg.C less than
that of the wild-type protein.*® The F46S and F46C
substitutions were isolated with our selection
system. Genes that encode isoleucine, leucine, and
tyrosine at position 46 should be present in our
library, but were not isolated, suggesting that these
substitutions are less disruptive.

Val54 and Val57

Val54, Val57, and essential residue Cys58 form an
(i, i+3, i+4) triplet in the structure of RNase A7
These valine residues have not been studied pre-
viously, though other workers have noted that they
comprise part of the hydrophobic core of RNase
A7%7% In addition, the region of RNase A en-
compassing residues 54 and 57 has been shown to
be important for its folding.®" Replacing Val54 or
Val57 with an anionic residue inactivates RNase A
sufficiently to allow for growth in our selection
system.

Tyr73 and lle108

The side-chain of Tyr73 is largely buried, but does
extend to the surface of RNase A. Interestingly,
Tyr73 is not well conserved. Among the subset of
ribonucleases that contain the Cys65-Cys72 disul-
fide bond, position 73 is always histidine, tyrosine,
or phenylalanine (in that order of frequency; Table
S1 in the Supplementary Material). The main chains
of residues 73 and 108 form two hydrogen bonds in
an antiparallel B-sheet in RNase A, and could have
undergone coupled evolution.”®> Previous work
revealed that Vall(08 is an essential residue in the

hydrophobic core of RNase A and that it serves as a
CFIS residue.**” A V108G substitution is known to
decrease the conformational stability of RNase A
substantially.®*" Substitutions at Tyr73 or Vall08
enable isolation with our selection system.

Ser75 and lle106

In the hydrophobic core of RNase A, the side-
chain hydroxyl group of Ser75 forms a hydrogen
bond with the main-chain nitrogen of essential
residue Ile106. In addition, the main-chain nitrogen
of Ser75 forms a hydrogen bond with the main-chain
oxygen of Ile106. It had been shown that Ile106 is
important in RNase A, as its replacement with
alanine lowers the T,, value of the enzyme by
14 deg.C.”" The importance of Ser75 had not been
demonstrated, though other workers had suggested
that Ser75 could be ingortant for the conformational
stability of RNase A.”>** Replacing Ser75 or Ile106
allows for growth in our selection system.

Tyr97

The side-chain of Tyr97 forms a hydrogen bond
with the main-chain oxygen of an active-site residue,
Lys41. Replacing Tyr97 with an alanine or glycine
residue lowers the value of k..:/Ky by ~500-fold,
and (possibly more significantly) lowers the value of
Tm by 34 deg.C.”> Replacement of Tyr97 with
phenylalanine lowers the value of T}, by 10 deg.C,
but only lowers k..;/ Ky by threefold.”” Y97N and
Y97C variants of RNase A were isolated with our
selection system. These smaller side-chains leave a
void and cannot form a hydrogen bond with Lys41.
Y97F RNase A was likely in our libraries but was not
isolated with selection system, probably due to its
minimal effects on enzymatic activity and confor-
mational stability.

Ala109

Alal09 is in van der Waals contact with catalytic
residue His119 and could be involved in im-
parting substrate specificity in the B, subsite of
RNase A” (B. D. S, J. E. Lee & R. T. R., unpub-
lished results). An A109R substitution in human
pancreatic ribonuclease decreases catalytic activity
by ~100-fold (R. J. Johnson and R. T. R., unpub-
lished results). Alal09 is also a part of a CFIS, and
an A109G variant of RNase A has slightly lower
conformational stability.”! Ala109 is well con-
served among diverse ribonucleases, though frog
ribonucleases have a threonine or lysine residue in
this position (and have different base specificities
in the B, subsite).” An A109D substitution in
RNase A inactivates the enzyme sufficiently to
allow for growth in Origami™ cells.

Phe120

The main-chain nitrogen of Phel20 forms a
hydrogen bond with a non-bridging oxygen of the
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pentavalent transition state. Previous work showed
that replacement of Phel20 with a glutamate or
alanine residue decreases catalytic activity by <50-
fold and lowers the Ty, value by 12-15 deg.C.” An
F120S variant was isolated via genetic selection. The
enzyme likely tolerates other changes to this residue,
as genes encoding isoleucine, leucine, and tyrosine
at position 120 should be present in the libraries but
were not isolated with our selection system. Residue
120 is quite conserved in the RNase A superfamily.
Angiogenin and other human homologs have
leucine in this position; pronghorn and giraffe
ribonuclease have tyrosine.”” As with RNase A,
the only substitution in angiogenin that was isolated
at this position (Leull5) was to serine (vide infra).

Hydrophobic nuclei

Several hydrophobic nuclei (y1, y2, and y3) and
microclusters in RNase A have been identified.”® In
gratifying agreement, the residues that we identified
as being essential in our selection system coincide
with the most important hydrophobic nuclei.
Essential residues Phe8, His12, Val54, Val57, Cys58,
Tyr73, Ile106, Val108, Cys110, and Phel20 constitute
a subset of residues located in the y1 nucleus, which
is well conserved. The y2 nucleus is smaller and not
well conserved. The only residues that were
identified as being essential in that nucleus are
Cys65 and Céys72, which form an important dis-
uifide bond.’® The y3 nucleus is similar to the 1
nucleus in that its residues are well conserved and
have a high number of contacts (on average), and its
side-chain hydrocarbon atoms have low tempera-
ture factors (on average).76 Variants were isolated
with our selection system at a subset of the residues
involved in the y3 nucleus: Cys26, Asn44, Phe46,
Cys84, and Tyr97. Thus, our results not only agree
well with previous work on the hydrophobic nuclei
of RNase A, but also extend that work by identifying
those residues that are likely to be the most
important in each nucleus.

Group lll residues (proline substitutions)

Replacing a residue with proline can be particu-
larly deleterious to protein structure.®®'! In RNase
A, proline can be substituted at 47 residues by
changing a single nucleotide (37 of which would
require a rare error-prone PCR mutation). Group III
substitutions were identified in RNase A at two of
those residues: GIn60 and Thr82. GIn60 lies
between an a-helix and a p-strand; its main-chain
nitrogen forms a hydrogen bond with the main-
chain oxygen of critical residue Val57. Thr82 lies in
the middle of a p-strand; its main chain forms two
hydrogen bonds to the main-chain atoms of es-
sential residue Phe46.

Group IV residues (half-cystines)

Four cysteine residues that contribute to the two
most important disulfide bonds in RNase A (Cys26-

Cys84 and Cys58-Cys110)**”° appear to be wholly
intolerant of substitution. In vitro, C26A/C84A
RNase A (T,,=27 °C) and C58A/C110A RNase A
(I'm=24 °C) have T, values that are ~35 deg.C
lower than that of the wild-type enzyme.” It is not
surprising that substitutions at these residues were
identified in this study, as genetic selection experi-
ments were performed at 37 °C, a temperature at
which both these enzymes would be substantially
unfolded.

RNase A has two other disulfide bonds (Cys65—
Cys72 and Cys40-Cys95). Previous studies have
shown that replacing these cysteine residues with
alanine reduces the T, values of these proteins to
~40 deg.C, and lower catalytic activity by 40-fold.”
Other work has shown that RNase A variants
lacking either disulfide bond are stable at room
temperature and remain catalytically active.”” With
our selection system, we isolated substitutions at
the cysteine residues in the Cys65-Cys72 disulfide
bond, but not the Cys40-Cys95 disulfide bond. This
result is surprising from an evolutionary perspec-
tive, as the Cys40-Cys95 bond is absolutely
conserved in the RNase A superfamily, whereas
the Cys65-Cys72 bond is not. Yet, given that an
RNase A variant lacking the Cys40-Cys95 disulfide
bond has a T, value greater than 37 deg.C, is
catalytically active, and has only local disorder
around the missing disulfide bond,””*® it is not
surprising that substitutions were not isolated at
residue 40 or 95. An RNase A variant lacking the
Cys65-Cys72 disulfide bond also has a T,, value
greater than 37 deg.C and is catalytically active,””
thus it seems to be surprising that substitutions at
these residues were isolated with our selection
system. The Cys65-Cys72 disulfide is, however,
particularly important in the oxidative folding
pathway of RNase A,” which could account for
its decreased tolerance to substitution. Still, the
Cys65—Cys72 disulfide bond is somewhat intoler-
ant to change, as only two substitutions per half-
cystine residue were identified with our selection
system. Substitutions that should be present in our
libraries (such as Cys65 to serine or arginine or
Cys72 to tyrosine or arginine) were not isolated
with our selection system.

Implications for human health

Several homologs of RNase A have been found
to be toxic to cancer cells.”**'™ The frog ribo-
nuclease, Onconase®, is in Phase III clinical trials
for the treatment of malignant mesothelioma.'"
Variants of RNase A and its human homolog
can likewise be toxic to cancer cells upon their
engineering to evade RL'"“'"® Such cytotoxic
mammalian ribonucleases could have desirable
attributes compared to an amphibian ribonuclease.
In engineering new toxins based on RNase A,
changes to the essential residues identified here-
in should be avoided, as the structure/function
of a ribonuclease is essential for its cytotoxic
activity.'”
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Angiogenin: essential residues

Whereas 23 of the 124 residues in RNase A were
found to be intolerant to substitution with one or
more amino acid, 29 of the 123 residues in
angiogenin were likewise intolerant (Tables 3 and
4; Figures 3 and 4; Movie S1 in the Supplementary
Material). A lower conformational stability could
lead to a less stringent selection for angiogenin. To
our knowledge, the conformational stability of
angiogenin had not been measured previously. By
monitoring thermal denaturation using circular
dichroism spectroscopy, we find that the Ty, value
of angiogenin in PBS is 63.6(x0.6) °C. The T, value
for RNase A in PBS is 64(+2) °C."** Thus, the lower
stringency with angiogenin does not result from its
having less conformational stability.

Unlike its conformational stability, the ribonucleo-
lytic activity of angiogenin is much lower than that
of RNase A. Although the angiogenin gene was
expressed at a higher level in our selection system to
compensate for this difference (Figure 2), the
enzymatic activity of angiogenin in Origami™
cells could still be lower than that of RNase A.
This lower activity could give rise to a less stringent
selection for angiogenin.

The set of substitutions that inactivate angiogenin
largely intersect with that for RNase A. The
discussion that follows focuses on the differences
found in angiogenin.

Group | residues (catalytic residues)

The three residues critical for catalysis by RNase A
(His12, His119, and Lys41) are likewise essential for
the ribonucleolytic activity of angiogenin (His13,
His114, and Lys40).

Group Il residues (buried residues)

y-1 nucleus

The hydrophobic core of angiogenin is similar to
that of RNase A, though angiogenin appears to rely
more on residues in the y-1 and -3 hydrophobic
nuclei for conformational stability, and less on those
in the y-2 nucleus. This shift could arise because
angiogenin lacks the loop containing the Cys65-
Cys72 disulfide bond and other important hydro-
phobic residues in the y-2 nucleus, and instead
contains a loop necessary for its promotion of angio-
genesis.'"!% Substitutions in the y-1 nucleus that
can inactivate angiogenin occur at residues 9, 13, 44,
46, 53, 56, 57, 72, 78, 103, 112, and 115. Replacing
Thr44, Ile46, Val78, or Proll2 (corresponding to
Thr45, Val47, 1le81, and Proll7 in RNase A)
inactivates angiogenin, but not RNase A.

Thr44

Substitution of Thr44 in angiogenin has been
shown to decrease catalytic activity by up to 50-
fold and alter substrate specificity.'"”” This threo-

nine residue is buried in both angiogenin and RNase
A. The equivalent residue in RNase A, Thr45,
imparts substrate specificity by forming hydrogen
bonds with a nucleobase in the B; subsite of the
enzyme.'%'% Thr45 could also be involved in
ground-state destabilization during catalysis.""’ No
substitutions at residue 45 were isolated in RNase A
with our selection system. In contrast, replacing
Thr44 with lysine or proline inactivates angiogenin
sufficiently to allow for growth in Origami™ cells.

lle46 and Val78

Tle46 and Val78 are within 5 A of each other.
Val78 is in van der Waals contact with essential
residue Phe45. Ile46 interacts with essential hydro-
phobic core residue Ile53. In addition, the main-
chain nitrogen of Ile46 forms a hydrogen bond
with the main-chain oxygen of active-site residue
His13. Replacing Ile46 or Val78 inactivates angio-
genin sufficiently to allow for growth in Origami™
cells.

Pro112

Replacement of Prol117 with alanine in RNase A
destabilizes the enzyme,'""""'? though substitutions
at this position in RNase A are not deleterious
enough to be isolated with our selection system. Yet,
replacement of the equivalent proline in angiogenin,
Pro112, with histidine, serine, or arginine allows for
growth in Origami™ cells. We did not isolate a
P112L variant with our selection system, possibly
indicating that this substitution (which arises from a
common C/G—T/A mutation) is not sufficiently
deleterious.

Substitutions that inactivate RNase A but not
angiogenin

Substitution at Arg70, Val105, or Alal06 does not
inactivate angiogenin, though substitution at a
corresponding residue (Tyr73, Vall08, or Alal09)
inactivates RNase A. Tyr73 is found only in
ribonucleases with the Cys65-Cys72 disulfide
bond. Further, residues 73 and 108 in RNase A
form two hydrogen bonds between their main-
chain atoms and are coupled by evolution.”® Tt is
surprising that we did not isolate substitutions at
the corresponding positions in angiogenin. Ala109
in RNase A could be part of the B, nucleobase-
binding subsite, but angliogenin lacks some of the
residues in that subsite.''®> Thus, Alal06 could be
less important to angiogenin than Alal09 is to
RNase A.

y-3 nucleus. Substitutions in the y-3 nucleus that
inactivate angiogenin occur at residues 26, 30, 33, 40,
43,45, 47,79, 81, and 94. Replacing Met30, Arg33, or
His47 inactivates angiogenin, though substitution at
a corresponding residue (Met30, Arg33, or His48)
does not inactivate RNase A.
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Met30. Met30 is conserved in almost all ribonu-
cleases in the RNase A superfamily. An M30L
angiogenin variant is fully active, though the con-
formational stability of the enzyme is unknown.''*
Replacing Met23 (corresponding to Met30 in angio-
genin and RNase A) with leucine in the frog
ribonuclease, Onconase®, decreases conformational
stability and increases sensitivity to proteolysis.''?
We isolated an M30K substitution in angiogenin. As
residue 30 is in the hydrophobic core of angiogenin,
a lysine there would likely be disruptive. Variants
with other hydrophobic residues at position 30 were
not isolated with our selection system.

Arg33. Replacing Arg33 in angiogenin with alanine
has been shown to decrease catalytic activity by
sevenfold.''® Arg33 interacts with essential residue
Phe45, which could account for this decrease in
activity. Arg33 also shields Met30 and Cys26 from
solvent.”” Substituting a glycine or proline residue at
residue 33 in angiogenin inactivates the enzyme
sufficiently to allow for growth in Origami™ cells.
Interestingly, glycine places the least limitation on
main-chain torsion angles and proline places the
most, suggesting that the guanidinopropyl group of
Arg33 is critical.

His47 His47 is located at the bottom of a hinge in the
enzyme. Studies on the equivalent residue in RNase
A, His48, have found that this residue is involved in
a conformational change of the enzyme during
catalysis.'”?*""” Substitutions at His47 of angio-
genin (but not His48 of RNase A) enable isolation
with our selection system.

Group lll residues (proline substitutions)

In angiogenin, proline can be substituted at 44
residues by changing a single nucleotide (34 of
which would require a rare error-prone PCR muta-
tion). There are three examples in which proline is
the only substitution at a particular residue that
inactivates angiogenin: residues 10, 12, and 95.
Residues 10 and 12 are in the first a-helix in
angiogenin and lie between essential residues Phe9
and His13. Disruption of this a-helix with a proline
residue could disrupt the important cation—w inter-
action between residues Phe9 and His13. Arg95 lies
in a p-sheet. Replacing Arg95 with proline could
disrupt the orientation of an adjacent essential
residue, Tyr94.

Group IV residues (half-cystines)

Unlike RNase A, angiogenin has only three
disulfide bonds, lacking Cys65-Cys72. All three of
these disulfide bonds are essential, though the
Cys39-Cys92 disulfide bond tolerates some amino
acid changes. This result indicates that the Cys26-
Cys81 and Cys57-Cys107 disulfide bonds are the
two most important in angiogenin, as are the
corresponding disulfide bonds in RNase A.

Although angiogenin lacks the Cys65-Cys72
disulfide that is found in most other ribonucleases,
its conformational stability is equivalent to that of
RNase A. Other ribonucleases, such as Onconase®,
lack the Cys65-Cys72 disulfide bond, but have
compensated for this loss, as Onconase® has a Ty,
value of ~90 deg.C.""® This and other frog ribonu-
cleases contain the three disulfide bonds of angio-
genin, but have an additional disulfide bond that is
distinct from any in RNase A and that contributes
greatly to conformational stability.'"®

Implications for human health

The data listed in Tables 3 and 4 could be useful
for the interpretation of genotypic information. For
example, substitutions at Cys39 or Ile46 of human
angiogenin have been linked with familial ALS.**
Substitutions at these residues were likewise identi-
fied with our selection system, indicating that these
residues are essential to the structure/function of
angiogenin. Similarly, substitutions at GIn12, Lys17,
Arg31, Cys39, and Ile46 have been linked with
sporadic ALS,** and substitutions at GIn12, Cys39,
and Ile46 were identified herein.

Surface accessibility versus essentiality

The accessible surface area (ASA) of a residue
in RNase A or angiogenin is not sufficient to
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dues in RNase A (a) and angiogenin (b). Essential residues
are indicated by open circles.
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establish its importance. Most essential residues in
RNase A and angiogenin are buried (Tables 3 and
4; Figure 5). A few residues that are completely
buried and several residues that are substantially
buried are not essential, and tolerate non-con-
servative changes.

Among the essential residues that are not com-
pletely buried are Lys4l and His119 (RNase A
numbering), which are involved directly in catalysis.
The side-chain of essential residue Tyr73 in RNase A
is mostly buried but does extend to the surface.
Phel20 is partially surface exposed in RNase A, as
its main-chain nitrogen forms a hydrogen bond with
the pentavalent phosphoryl group during catalysis.
In angiogenin, Arg33 is accessible and serves to
shield Cys26 and Met30 from solvent. The Cys57-
Cys107 disulfide bond in angiogenin is somewhat
exposed (more so than is the equivalent disulfide
bond in RNase A). Whether this disulfide bond is
more susceptible to reduction in angiogenin is
unknown.

Sequence conservation versus essentiality

An alignment of 338 ribonuclease amino acid
sequences was downloaded from the HOVERGEN
database (gene family HBG008396).""Y Duplicate
entries and fragments were removed, leaving a set
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of 266 sequences (Table S1 in the Supplementary
Material). This set of diverse sequences includes
pancreatic ribonucleases, angiogenins, eosinophil-
associated ribonucleases, and other ribonucleases
in the RNase A superfamily from many mam-
mals, several amphibians, and a chicken. The
molecular evolution of pancreatic ribonucleases
has been well studied, and pancreatic ribonu-
clease amino acid sequences have been deter-
mined from many species,””*>”” thus sequence
conservation numbers are biased towards pan-
creatic ribonucleases. The percentage of this set
of sequences that contains the residue found in
RNase A or angiogenin at each position is shown
in Figure 6(a) and (b).

To alleviate bias problems in the alignment for the
purposes of this study, a second alignment of
angiogenin and pancreatic ribonuclease amino acid
sequences from 13 selected species was generated
(Table S2 in the Supplementary Material). The
percentage of this set of sequences that contains
the residue found in RNase A or angiogenin at
each position is shown in Figure 6(c) and (d).
Many residues are 50% conserved (100% conserved
among pancreatic ribonucleases and/or 100% con-
served among angiogenins). These residues could
be important for the biological functions of each
enzyme.
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Figure 6. Sequence conservation of amino acid residues in RNase A and angiogenin. Percent identity per residue of
RNase A (a) and angiogenin (b) to a set of 266 ribonuclease amino acid sequences. Percent identity per residue of RNase A
(c) and angiogenin (d) to a set of pancreatic ribonuclease and angiogenin amino acid sequences from 13 species. Essential

residues are indicated by open circles.
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Most of the residues that are >95% conserved
among the set of 266 ribonucleases are essential for
ribonucleolytic activity (Figure 6). For RNase A, the
exceptions are Met30, Cys40, Thr45, Cys95, and
Vall18. Several of these residues are important for
RNase A structure/function, but substitutions to
these residues might not be sufficiently deleterious to
reach the threshold of our selection system. For
angiogenin, the only residue with >95% sequence
conservation that is not essential is Valll3 (which
corresponds to Vall18 in RNase A). Several substitu-
tions at this position should be present in our error-
prone PCR libraries, including a non-conservative
replacement with aspartate. Valll8 has been re-
placed with a half-cystine in both RNase A and
human pancreatic ribonuclease variants containing
five disulfide bonds. The resulting enzymes retain
>10% of wild-type catalytic activity and have in-
creased conformational stability.'*”'*! Val118 and
Valll3 are substantially buried in RNase A and
angiogenin, respectively, making unlikely a role in a
protein—protein interaction. Hence, the impetus for
the nearly complete conservation of Val118 is unclear.

Many other well-conserved residues are not
critical. These residues could be involved in a
function other than ribonucleolytic activity. Alter-
natively, substitutions that decrease catalytic activ-
ity but not below the threshold of our selection
system could fall prey to stricter selection in vivo.
This explanation is especially plausible for Glnll,
Asn71, and Aspl21, each of which is highly
conserved and known to be important for the
productive binding of substrate, substrate specifi-
city, and catalytic activity, respectively.*’'?*1**

Interestingly, many residues that are not well
conserved were found to be essential (Tables 3 and 4;
Figure 6). Most, but not all, of these are hydrophobic
core residues that do tolerate replacement with other
hydrophobic residues. Examples include residues
Val54, Val57, Ilel06, and Phel20 in RNase A
(corresponding to I1e53, Ile56, Vall03, and Leull5
in angiogenin). Exceptions include Tyr73 in RNase A
and Arg33 in angiogenin.

Conclusions

We have identified the residues in RNase A and
angiogenin that are essential for ribonucleolytic ac-
tivity. After more than 180 million years of evo-
lution,'® the two enzymes still share most of the
residues important for their structure/function. Yet,
many significant changes have occurred. Although
research on RNase A has been extensive,'*® we
have identified several “new” residues that are
critical for its structure/function. The biological
activities of members of the RNase A superfamily,
such as the role of angiogenin in the growth of new
blood vessels, are now being elucidated. Moreover,
new ribonucleases are being discovered, even in
humans.'* The work described herein could aid in
deciphering the myriad functions of these fascinat-
ing enzymes.

Materials and Methods

Materials

Tag polymerase was from Promega (Cat. no. M166B;
Madison, WI). Mutazyme® DNA polymerase was from
Stratagene (La Jolla, CA). Escherichia coli Origami™ B
(DE3) cells and DHb5a cells were from Novagen
(Madison, WI). Phosphate-buffered saline (PBS) con-
tained (in 1.00 1) NaCl (8.0 g), KCI (0.2 g), Na,HPO,7-
H,0 (2.16 g), and KH,PO, (0.2 g), and had pH 7.4. All
other commercial chemicals and biochemicals were of
reagent grade or better, and were used without further
purification.

Plasmids

Genes encoding RNase A and human angiogenin
were inserted into pSH12,'” which is a pGEX-4T3
based plasmid, at its Ndel and Sall restriction enzyme
sites. The resulting plasmids were named pGEX-
RNase A and pGEX-Ang. Both plasmids code for a
methionine residue at the start of the gene, designated
Met(-1).

Random mutation libraries

Due to the inherent codon bias of the techniques used for
generating random mutations during the PCR, libraries
were produced in two complementary ways, using Mn**
with Tag DNA polymerase (A/T—B/V mutation bias) and
Mutazyme® DNA polymerase (C/G—D/H mutation
bias).

Error-prone PCR with Tag DNA polymerase

Error-prone PCR was performed by the methods
described,'?® with the following modifications. Error-
prone PCR reaction mixtures (50 pl) contained 1x Cloned
Pfu Buffer (which was 20 mM Tris-HCl buffer (pH 8.8),
containing MgSO, (2 mM), KCI (10 mM), (NH4),SO,
(10 mM), Triton® X-100 (0.1% w/v), and nuclease-free
BSA (0.1 mg/ml); Stratagene, La Jolla, CA), dNTPs
(200 pM), forward and reverse primers (200 nM each),
template DNA (20 fmol), Tag DNA Polymerase (five
units), and varying amounts of 1x Mutagenic PCR buffer
(which contained dTTP (0.8 mM), dCTP (0.8 mM), MgCl,
(4.8 mM), and MnCl, (0.5 mM)). The amount of
Mutagenic PCR buffer added to the reaction mixture
affected the rate of mutation. (For example, adding
12.5 pl of 1x Mutagenic PCR buffer to a 50 pul PCR
mixture was found to generate approximately one
mutation per 500 bp of DNA, for a mutation rate of
0.2%.) After the PCR was performed (25 cycles at 95 °C
for 30 s, 54 °C for 60 s, and 72 °C for 60 s), Tag DNA
polymerase was eliminated by adding proteinase K
(50 pg/ml), EDTA (5 mM), and SDS (0.5% w/v) at pH
8.5, and incubating for 15 min at 65 °C. The PCR product
was then purified with the Wizard SV Gel and PCR
Clean-Up kit (Promega; Madison, WI).

Error-prone PCR with Mutazyme®

Mutazyme® DNA Polymerase was used to perform
error-prone PCR according to the protocol of the
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manufacturer (Stratagene; La Jolla, CA). Briefly, 50 ul PCR
mixtures contained 1x Mutazyme® Reaction Buffer,
dNTPs (800 uM), forward and reverse primers (200 nM
each), target DNA (10 or 100 ng), and Mutazyme® DNA
Polymerase (2.5 units). After the PCR was performed
(30 cycles; 95 °C for 30's, 54 °C for 30's, 72 °C for 60 s), Dpnl
(ten units; Promega, Madison, WI) was added to digest
template DNA, and the samples were incubated at
37 °C for 1-2 h. DNA Polymerase was eliminated by
adding proteinase K (50 pg/ml), EDTA (5 mM), and SDS
(0.5% w/v) at pH 8.5, and incubating for 15 min at 65 °C.
The PCR product was then purified with the Wizard SV
Gel and PCR Clean-Up kit (Promega; Madison, WI).

Ligation of mutagenized PCR product

Purified mutagenized PCR products were digested
with Ndel and Sall (20 units each) at 37 °C for 2 h.
Plasmid pGEX-RNase A (20 ng) was digested with Ndel
and Sall (30 units each). (Unlike an empty expression
vector, any uncut pGEX-RNase A will be toxic to
Origami™ cells at later steps, and hence will not
generate any colonies.) The restriction enzymes were
inactivated by heating at 65 °C for 15 min. Digests were
purified with the Wizard SV Gel and PCR Clean-Up kit
(Promega; Madison, WI), and eluted with ddH,O (25 pl).
Additionally, cut pGEX-RNase A was purified using S-
500 Sephacryl HR (Pharmacia, Piscataway, NJ) to
remove the RNase A gene. S-500 Sephacryl (800 ul)
was added to a microspin column. The column was
subjected to centrifugation at 2000g for 1 min. The tip of
the column was dried to remove any excess buffer, and
the column was then placed into a new microfuge tube.
Cut plasmid DNA (20 pl) was added, and the column
was subjected to centrifugation again at 2000g for 1 min.
The eluate was then run over another S-500 Sephacryl
microspin tube as above to ensure that all of the excised
fragment had been separated from the plasmid. The
linear plasmid (4 pg) and mutated PCR product (10 ul)
were added to a ligation reaction mixture (30 pl)
containing 1xligase buffer, DNA ligase (six units;
Promega, Madison, WI), and additional ATP (1 mM).
The ligation reaction mixtures were placed at 14 °C
overnight. Sodium acetate (0.3 M) and three volumes of
ice-cold ethanol were added to the reaction mixture, and
the tube was placed at —20 °C for 1 h to precipitate the
DNA. The ligated DNA was subjected to centrifugation at
10,000g for 10 min. The ethanol was removed by
aspiration, and 250 pl of an ice-cold aqueous solution of
ethanol (70% v/v) was added. The sample was subjected to
centrifugation again. The ethanol was removed by aspira-
tion, and the pellet was allowed to dry. The dry pellet was
dissolved in ddH,O (10 pl) and desalted over an AutoSeq
G50 column (GE Healthcare, Piscataway, NJ). Ligated
DNA was transformed by electroporation into competent
E. coli DH5a cells to analyze the quality and randomness of
the mutagenic PCR libraries. Cells were electroporated
(1.80 kV, 200 €, and 25 pF) with 1 pl of the desalted and
purified ligated DNA. SOC (1.0 ml) was added immedi-
ately, and the cells were allowed to recover at 37 °C for 1 h
before being plated on LB agar containing ampicillin
(100 pg/ml). Ligated DNA was transformed into compe-
tent E. coli Origami™ cells for selection experiments.
Origami™ cells were electroporated as above, but allowed
to recover for 1.5 h before being plated on LB agar
containing ampicillin (100 pg/ml), kanamycin (15 pg/ml),
and tetracycline (12.5 pg/ml). Plates were placed at 37 °C
for 2 d.

Library analysis

Colonies were grown in deep-well 96-well plates, and
DNA was isolated with the Wizard SV 96 Plasmid DNA
Purification System (Promega, Madison, WI). Plasmid
DNA was eluted in ddH,O (100 pl). DNA sequencing
reactions were performed in 96-well plates. A DNA
sequencing reaction mixture (5 pl) contained Big Dye 3.1
(0.5 pl), Big Buffer (0.75 pul), ddH,O (0.75 pl), primer (0.5 pul
from a 10 uM stock), and plasmid DNA (2.5 ul). Reaction
mixtures were subjected to thermocycling (36 cycles; 96 °C
for 20 s, 48 °C for 30 s, and 58 °C for 5 min). The
sequencing reaction mixtures were purified with the
CleanSEQ Dye-terminator Removal kit (Agencourt
Bioscience, Beverly, MA). DNA sequences were obtained
in the forward and reverse directions.

As an alternative to the expensive and time-consuming
step of isolating plasmids, some DNA sequencing reac-
tions were performed directly on crude lysates by using a
heat-lysis technique® with the following modifications.
Briefly, 1.0-ml cultures grown in LB medium for 24 h were
subjected to centrifugation at 1500g for 15 min. The
supernatant was decanted, and cells were resuspended in
ddH,O (500 ul). The cells were spun again, and then
washed again with ddH,O (500 nl). After another
centrifugation step, the supernatant was carefully de-
canted, as the pellets were loose. Cells were suspended in
ddH,O (125 pl) and transferred to a 96-well PCR plate. The
plate was sealed, and cells were placed in boiling water for
5 min. The resulting crude lysate was subjected to
centrifugation at 1000g for 10 min. Sequencing reactions
were performed as above, substituting 2.5 pl of crude
lysate for purified plasmid DNA.

DNA sequences were determined with automated
capillary-based instruments at the University of Wisconsin
Biotechnology Center. Sequence data were analyzed with
the Staden software packagef, and its Mutation Scanner
module was used to detect mutations.'*” Each sequence
was then scanned manually for insertions—deletions or
any artifacts that would lead to a false positive (e.g. a
cloning artifact, star activity, etc.).

x-Factor

Due to the mutational bias of error-prone PCR, the
protein and nucleotide x-factors were calculated for
A/T—-G/C, A/T-T/A, and C/G—T/A mutations
(which occur at high frequencies in our libraries).

Accessible surface area calculations

The ASA of each residue was calculated for Protein Data
Bank entries 7RSA™ and 1B11'*! with the module
AREAIMOL in the program CCP4."*?

Assay of conformational stability

The conformational stability of angiogenin was assessed
by circular dichroism spectroscopy using an Aviv 202SF
spectrometer (Aviv Associates, Lakewood, NJ) at the
University of Wisconsin-Madison Biophysics Instrumen-
tation Facility. A solution of angiogenin (20 pM) was
heated from 25 to 80 °C in 3 deg.C increments, and the
change in molar ellipticity at 215 nm was monitored after a

+http:/ /Staden.sourceforge.net
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5-min equilibration at each temperature. Spectra were
fitted to a two-state model for denaturation to determine
the value of T,.
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