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Abstract

A collection of circularly permuted catalytic chains of aspartate transcarbamoylase (ATCase) has been
generated by random circular permutation of the pyrB gene. From the library of ATCases containing
permuted polypeptide chains, we have chosen for further investigation nine ATCase variants whose catalytic
chains have termini located within or close to an o helix. All of the variants fold and assemble into
dodecameric holoenzymes with similar sedimentation coefficients and slightly reduced thermal stabilities.
Those variants disrupted within three different helical regions in the wild-type structure show no detectable
enzyme activity and no apparent binding of the bisubstrate analog N-phosphonacetyl-L-aspartate. In contrast,
two variants whose termini are just within or adjacent to other a helices are catalytically active and
allosteric. As expected, helical disruptions are more destabilizing than loop disruptions. Nonetheless, some
catalytic chains lacking continuity within helical regions can assemble into stable holoenzymes comprising
six catalytic and six regulatory chains. For seven of the variants, continuity within the helices in the catalytic
chains is important for enzyme activity but not necessary for proper folding, assembly, and stability of the

holoenzyme.
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Circular permutation of polypeptide chains has been ex-
ploited to examine the relationship between the amino acid
sequence of a protein and its properties, including structure,
stability, and function. In contrast to site-specific substitu-
tion of amino acids, circular permutation changes the con-
nectivity within the polypeptide chain without altering the
amino acid composition. At the level of primary structure,
permutation produces a rearranged polypeptide that starts at
the newly introduced N terminus somewhere within the
wild-type sequence, continues through the chain from the C
to the N terminus through an appropriate linker, and ends at
the residue just before the new starting position. As a result,
the normal (wild-type) termini of a polypeptide are linked,
and new termini are introduced elsewhere in the three-di-
mensional structure.
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Since many proteins have their N and C termini located in
close proximity in the three-dimensional structure, it is pos-
sible to link the terminal regions and introduce new termini
elsewhere, thereby forming circularly permuted chains.
More than a dozen proteins have been permuted to date (for
review, see Heinemann and Hahn 1995). These include bo-
vine pancreatic trypsin inhibitor (Goldenberg and Creighton
1983), phosphoribosylanthranilate isomerase (Luger et al.
1989), T4 lysozyme (Zhang et al. 1993), dihydrofolate re-
ductase (Buchwalder et al. 1992; Uversky et al. 1996; Na-
kamura and Iwakura 1999), chymotrypsin inhibitor 2 (Ot-
zen and Fersht 1998), barnase (Tsuji et al. 1999), ribonucle-
ase T1 (Mullins et al. 1994; Garrett et al. 1996; Johnson and
Raushel 1996), streptavidin (Chu et al. 1998), B-lactamase
(Pieper et al. 1997), BB2-crystallin (Wieligmann et al.
1998), Dsb A (Hennecke et al. 1999), and the catalytic (c)
polypeptide chain of Escherichia coli aspartate transcar-
bamoylase (aspartate carbamoyltransferase, carbamoyl
phosphate: L-aspartate carbamoyltransferase, EC 2.1.3.2,
ATCase) (Yang and Schachman 1993; Graf and Schachman
1996; Zhang and Schachman 1996). Surprisingly, the major
rearrangements in the order of the secondary structural el-
ements resulting from the altered primary sequence often
produce proteins that are similar to their wild-type counter-
parts both catalytically and structurally, as demonstrated by
two-dimensional NMR spectroscopy (Zhang et al. 1993;
Viguera et al. 1995) and X-ray crystallography (Hahn et al.
1994; Viguera et al. 1996; Pieper et al. 1997; Chu et al.
1998).

Several general conclusions have been drawn from these
studies. First, circular permutation often results in proper
folding in vivo; it is therefore not necessary that the poly-
peptide chain be synthesized in a specific temporal order for
proper folding. Second, termini may be positioned in many
or all loops in a protein, as shown for the SH3 domain
(Viguera et al. 1996) and RNaseT1 (Garrett et al. 1996).
Third, continuity of the chain within a domain is not essen-
tial for proper nucleation of protein folding, as demonstrated
by permutation of the T4 lysozyme (Zhang et al. 1993) and
the ¢ chain of ATCase (Yang and Schachman 1993; Zhang
and Schachman 1996), both of which have two structural
domains. A final conclusion is that proteins are surprisingly
tolerant to circular permutation, because the new termini of
several proteins have been placed in a variety of locations.
However, an exhaustive study of the tolerance for locating
chain termini throughout the protein structure has yet to be
reported.

Toward this goal, a method has been developed for ran-
dom circular permutation of genes and expressed polypep-
tide chains (Graf and Schachman 1996). In brief, this
method involves (1) circularization of an exact open reading
frame; (2) random, limited cleavage with DNase [; (3) repair
of the frayed ends of the polynucleotide chains; (4) incor-
poration of the resulting linear, double-stranded fragments

into a suitable expression plasmid; and (5) screening for
stable, active protein. In the case of ATCase, the variants
with permuted c chains were identified by selecting for
activity by suppression of auxotrophy and for protein pro-
duction by an immunoblot screen (Graf and Schachman
1996).

Many questions regarding the rules for positioning chain
termini can be addressed using this approach. Can the ends
be placed within elements of secondary structure or in the
hydrophobic core? Are there regions of the structure where
continuity of the polypeptide chain is essential for folding,
assembly, or stability of proteins? Are functional properties
including catalysis and regulation of enzyme activity depen-
dent on the location of ends? How widely dispersed
throughout the structure can the termini be located? Ran-
dom circular permutation, as applied to the c¢ chain of AT-
Case, provides a direct approach to address these questions.

For many purposes, the structural and functional com-
plexity of ATCase is advantageous because the effects of
the placement of termini on different properties of the en-
zyme can be assessed. Catalytic chains assemble into stable
trimers (c;) that combine with regulatory (r) dimers (r,) to
form ATCase holoenzyme (cqrg). Thus, the effect of the
terminal position of ¢ chains can be assessed with regard to
the stability of the enzyme or the catalytic trimer. Moreover,
the function of the enzyme can be assessed in terms of
enzyme activity and homotropic and heterotropic allosteric
effects. Therefore, it may be possible to identify regions of
the polypeptide important for different aspects of protein
function.

Rationale for choice of mutants

For most circularly permuted proteins generated by site-
directed techniques, the newly introduced termini were lo-
cated in flexible, solvent-exposed loops or turns in the poly-
peptide chains. Although the c¢ chain of ATCase has been
permuted at many positions, only two constructs have been
produced to examine the effect on enzyme activity of plac-
ing termini in buried regions (Zhang and Schachman 1996).
Both of these permuted c chains possessed termini in 3
strands, one variant in each of the two structural domains.
One of these constructs produced enzyme of low activity in
good yield, whereas the second resulted in no detectable
protein or enzyme activity. The random permutation
method was developed to address more exhaustively
whether chain termini can be located in elements of sec-
ondary structure and buried regions, without the inherent
bias of choosing a permutation site. More than 30 permu-
tants have been generated to date (Graf and Schachman
1996; Y.R. Yang and H.K. Schachman, unpubl.). A topo-
logical map of the c chain in Figure 1 shows the « helices
and [3 strands along with the location of newly introduced N
termini. It is worth noting that, in contrast to the earlier map
(Graf and Schachman 1996), the termini in these permutants

www.proteinscience.org 529



Beernink et al.

AIFHAITIIR

A3ZAZ2

,’ AJNAINKVMN

R54/T53-LR

V245/A245-LR
Q231/R229-LR
- i

IZ15/E217-VR ——

A208/W200 * f

Q196/P195-HKVN f :

! ; Q137/5131
F195/F186-TR .
AI7TIRI6T | v169/S171-LR 137/ T136-HK VN
HITOT173-HEV N 2137/T136

Fig. 1. Circular topological map of the c¢ chain in ATCase along with location and identification of N and C termini in the circularly
permuted chains. Secondary structural elements—f3 strands and « helices—are designated along the circle as red and purple boxes,
respectively. The carbamoyl phosphate-binding domain contains residues 1-134, and the aspartate-binding domain includes residues
150-284. Random permutants were identified by the immunoblot assay or by suppression of auxotrophy owing to the presence of active
enzyme in the colonies. Those permutants for which the complete DNA sequences were obtained are designated by dashed arrows, with
the N-terminal residue indicated by the one-letter code and the number of the residue based on the wild-type sequence. The slash (/)
indicates the bulk of the protein sequence, followed by the determined C-terminal region, either a single amino acid residue with the
numbered position or additional residues resulting from the use of stop codons in the second or third reading frame. Permutants
designated by solid arrows represent those proteins that have been purified and characterized. The topological map is based on the
crystallographic structure (Ke et al. 1988) and coordinates deposited in the Protein Data Bank (registry number 6AT1). Labeling of o
helices is taken from Lipscomb (1994). Nomenclature is according to Graf and Schachman (1996). The N-terminal residue (excluding
initiator Met) and its position in the wild-type ATCase sequence are given, followed by the last residue of the ¢ chain and its position,
then any extra residues encoded by the triple frame stop codons. Accordingly, the wild-type sequence would be denoted as A1/L310.

are distributed through the structure with almost equal num-
bers located in the carbamoyl phosphate and aspartate do-
mains. Those permutants designated by dashed arrows were
identified only by DNA sequence determinations, whereas
those indicated by solid arrows have been purified and are
the subject of the investigations reported here.

The proteins selected for the present study were those
having termini located within or near helical regions. Some
of the permuted proteins are inactive because the introduc-
tion of the N and C termini and the loss of continuity of the
polypeptide chain in that vicinity lead to destruction of the
active site. Nonetheless these polypeptide chains apparently
fold into the secondary and tertiary structures required for
the formation of trimers and association with regulatory
dimers to yield stable holoenzymes. Figure 2 shows the
locations of the newly introduced N termini in relation to
the helical regions and the active-site cleft between the two
domains. Two variants had N termini at adjacent positions,
residues V169 and H170, in Helix 6. Others started at the
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same position, residue Q137, within Helix 5, but were 5
residues shorter or 4 residues longer than the wild-type c
chain (Graf and Schachman 1996). For comparison, an ex-
actly permuted sequence starting at the same position was
generated to examine the effects of small insertions and
deletions that often result from the random permutation
method. Additionally, a construct with termini immediately
adjacent to a helix, as in A32, was compared with an en-
zyme comprising ¢ chains with an interrupted « helix, as in
R56. The permuted variants were investigated using bio-
chemical and biophysical methods to assess the effects of
disrupting « helices of the ¢ chains on the stability, cata-
Iytic, and regulatory properties of the holoenzyme.

Results

Primary structure of permuted c chains

Eight circularly permuted variants, with ¢ chains shown
schematically in Figures 1 and 2, have termini positioned in
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Fig. 2. Ribbon representation of the wild-type ¢ chain of ATCase. The
position of N termini in permuted variants is represented by the junctions
between colors, with numbering based on the wild-type sequence. In the
permuted variants, the N and C termini of the wild-type enzyme are con-
nected through a six- or eight-residue linker. The N-terminal domain com-
prising residues 1-134 (in purple) is on the left, and the C-terminal domain
composed of residues 150-284 (in green and red) is on the right. The two
domains are linked covalently by Helix 5 (in blue), comprising residues
135-149. Helix 12 (in green), comprising residues 285-305, crosses back
from the C-terminal domain and interacts substantially with residues in the
N-terminal domain. The locations of the new termini in specific helices are
designated in the topological map (Fig. 1). The figure was generated using
MolScript (Kraulis 1991) with one ¢ chain from the crystal structure of the
unliganded holoenzyme (Ke et al. 1988).

a-helical regions of the wild-type enzyme, leading to the
interruption of Helix 2, Helix 5, Helix 6, and Helix 8. In the
two randomly produced variants lacking continuity in Helix
6, the N termini are at adjacent residues, and there are

additional residues incorporated at the C termini leading to
polypeptide chains longer than the wild-type chains. In con-
trast, the variants with interruptions in Helix 5 have the
same N terminus but end at different positions, with one
variant having a significant deletion and the other an inser-
tion. One other variant, A32/A32-HKVN, has an N terminus
immediately adjacent to the C terminus of Helix 1, whereas
1215/E217-VR has the N terminus just inside the N-terminal
region of Helix 8. These variants are useful for comparing
proteins with permutation sites within helices to those hav-
ing disruptions outside an a helix.

Electrospray ionization mass spectrometry was per-
formed on all the purified variants in order to determine
whether the DNA sequence was a reliable indicator of the
resulting structure. The resulting molecular mass determi-
nations confirmed that no secondary mutations were intro-
duced by the random permutation technique, and they also
indicated the degree of processing of the N-terminal Met.
As seen in Table 1, the observed masses of the permuted ¢
chains are in excellent agreement with the values based on
the DNA sequence. Although the wild-type c chain is totally
devoid of the N-terminal Met, only one of the permuted
variants, A32/A32-NKVN, undergoes full N-terminal pro-
cessing. The H169/S171-LR variant displays partial pro-
cessing, and the remaining seven variants are not processed.

Quaternary structure and activity of holoenzymes
containing permuted c¢ chains

Electrophoresis of seven purified variants in nondenaturing
polyacrylamide gels stained for protein (Fig. 3) demon-
strated a high degree of purity (>95%) for each of the ho-
loenzymes with mobilities very similar to that of wild-type
ATCase (Fig. 3, lane 1). Reversed-phase HPLC and mass

Table 1. Mass spectromic analysis of ATCase ¢ chain variants

MV aie MW e MW . N-terminal processing
Variant (with Met) (without Met) (%)
A32/A32-NKVN* 35587.81 35456.62 35457 >95
Q137/S131 34483.63 34352.44 34484 <5
Q137/T136 35061.16 34929.27 35063 <5
Q137/T136-HKVN 35539.71 35408.52 35544 <5
V169/S171-LR 35653.93 35522.74 35522 ~50
35653
H170/T173-HKVN 35978.26 35847.07 35980 <5
1215/E217-VR 35687.87 35556.68 35688 <5
R54/T53-LR" 35664.67 35533.48 35664 <5
R56/R54-IR" 35563.56 35432.37 35564 <5

% Nomenclature is according to Graf and Schachman (1996). The N-terminal residue (excluding initiator Met)
and its position in the wild-type ¢ chain sequence are given, followed by the last residue and its position, then
any extra residues encoded by the triple frame stop codons. Thus, the wild-type sequence would be denoted as

A1/L310.

® Linker to express these chains included GSHHHHHH, which differs from that, SGELDM, reported earlier
(Yang and Schachman 1993; Graf and Schachman 1996).
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Fig. 3. Characterization of holoenzymes containing circularly permuted ¢
chains by polyacrylamide gel electrophoresis under nondenaturing condi-
tions. Proteins (10 pg/lane) were separated on a 7.5% polyacrylamide gel
and stained with Coomassie brilliant blue G-250. (Lane /) ATCase,,;
(Lane 2) c trimer; (Lane 3) ATCasey,; (Lane 4) A32/A32-NKVN; (Lane
5) Q137/S131; (Lane 6) Q137/T136; (Lane 7) Q137/T136-HKVN; (Lane
8) H169/S171-LR; (Lane 9) H170/T173-HKVN; (Lane /0) 1215/E217-VR.

spectrometry provided independent evidence confirming the
purity of the subunits isolated from the variants. Analogous
electrophoresis experiments on polyacrylamide gels stained
for enzyme activity showed single bands for the variants
1215/E217-VR and A32/A32-NKVN, but no activity for the
remaining permuted variants (data not shown). The sedi-
mentation coefficients of holoenzymes containing permuted
¢ chains were similar to that of wild-type ATCase (11.5 S),
ranging from 11.3 S to 11.6 S. Some of the holoenzymes,
such as those with N termini in the ¢ chains at R54 and R56
as well as those starting at Q137, proved substantially less
stable than the others, as shown by both sedimentation ve-
locity and electrophoresis experiments. For these variants
dissociation into catalytic trimers and regulatory dimers was
readily apparent.

Enzyme kinetics of variants containing
circularly permuted c chains

Of the nine ATCases containing circularly permuted c
chains, only two exhibited significant enzyme activity. The
variant A32/A32-NKVN, whose termini are close to the C
terminus of Helix 1, had a V,,,, about 31% and a K, 5 about
27% those of ATCase,, (Table 2). Since all of the variants
with circularly permuted ¢ chains also contained regulatory
chains with a six-residue His-tag at the N terminus, the
parameters for ATCasey, are shown for comparison. As
seen in Table 2, the presence of the His-tag had virtually no
effect on the enzyme activity of the holoenzyme. The ki-
netic parameters for the 1215/E217-VR variant were very
similar to those of the wild-type enzyme. Both variants
exhibited a sigmoidal dependence of enzyme activity on
aspartate concentration, as shown by the marked curvature
in the Eadie-Hofstee plots (Fig. 4B,C). The homotropic
cooperativity with respect to aspartate, as revealed by the
Hill coefficient, was 1.6 for the A32/A32-NKVN variant
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Table 2. Kinetic parameters of ATCase holoenzyme variants
containing circularly permuted ¢ chains®

Ky s |/ "H
Variant (mM Asp) (mmol - mg™" - h™")
ATCase,, 7.5 10.8 1.7
ATCaseye 6.2 9.8 1.6
A32/A32-NKVN 2.0 34 1.6
1215/E217-VR 6.5 9.0 1.3

# The mutant proteins not listed here showed no detectable activity (<0.1%)
in enzyme assays with 30-600 g purified protein or following a sensitive
activity stain of nondenaturing polyacrylamide gels loaded with 10 pg of
the mutant proteins. The randomly generated clones (not listed) also failed
to suppress pyrimidine auxotrophy in a highly sensitive complementation
assay.

and 1.3 for the 1215/E217-VR variant, as compared to 1.7
for ATCase,, and 1.6 for ATCaseys.

As seen from the sigmoidal saturation plots, the two ac-
tive variants show the homotropic allosteric effects charac-
teristic of ATCase,,,. The sharp plateau of velocity for the
A32/A32-NKVN variant (Fig. 3C) indicates substrate inhi-
bition above 10-mM aspartate. The active permuted en-
zymes exhibited allosteric activation and inhibition, respec-
tively, by the effectors ATP and CTP (data not shown),
indicating that they retain the heterotropic regulation char-
acteristic of wild-type ATCase. The remaining variants
were estimated from enzyme assays to possess <0.1% of the
activity of wild-type enzyme and also failed to suppress
pyrimidine auxotrophy in a highly sensitive complementa-
tion assay.

PALA binding and associated conformational changes

Since seven of the ATCase variants exhibited no detectable
catalytic activity, it was important to determine whether
these permutants were capable of binding the bisubstrate
analog PALA, which is bound to the wild-type enzyme with
much higher affinity (K,s = 105 nM) than are the sub-
strates carbamoyl phosphate (K, s = 0.2 mM) and aspartate
(Kys = 8 mM). Accordingly, the binding of PALA to the
variants was assessed by difference spectroscopy (Collins
and Stark 1971). As seen in Table 3, the values for the
spectral change caused by PALA, AA,q, 555 of 0.014 and
0.011 ecm™ - mg™" - mL for the ATCase,,, and ATCase,
respectively, were very similar to that (0.013
cm™' - mg™' - mL) measured previously (Howlett and
Schachman 1977). Similarly, the active variants A32/A32-
NKVN and 1215/E217-VR exhibited analogous difference
spectra  with magnitudes of 0.011 and 0.008
ecm™' - mg™' - mL, respectively (Table 3). In contrast, none
of the inactive mutants showed a significant change in the
absorption spectrum (Table 3), with values of AA,qy g5
less than 0.001 cm™ - mg™' - mL. Even at a 10-fold higher
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Fig. 4. Enzyme activity of ATCase variants. Enzyme assays were per-
formed at varying aspartate concentrations as described in Materials and
Methods. The solid line represents a fit of the data to the Hill equation to
obtain the kinetic parameters given in Table 2. Inset figures show Eadie—
Hoftsee plots to illustrate the degree of cooperativity. (A) ATCasey, (B)
1215/E217-VR, (C) A32/A32-NKVN.

concentration of PALA (40 PALA/active site), there was no
effect on the ultraviolet absorption spectra of these inactive
variants.

In addition to binding with high affinity to wild-type
ATCase, PALA is known to promote the global conforma-

Table 3. Physical properties of ATCase holoenzyme variants
containing circularly permuted ¢ chains

s As/s*™® T, AT, ¢

e
m A1A290—285

Variant (S) (%) (°C) (°C) (mg-cm-mL™!
ATCase,, 115 =29 641 +0.6 0.014
ATCase, 116 26 635 +0.0 0.011
A32/A32-NKVN 116 =20 625 -10 0.011
Q137/5131 114 -00 598 37 0.000
Q137/T136 115  ndf 497 -138 0.001
Q137/T136-HKVN  11.6 nd! 496 -139 0.001
V169/S171-LR 114 402 628 -07 0.001
H170/T173-HKVN 115 -0.1 617 -1.8 0.001
1215/E217-VR 114 23 599 =36 0.008
R54/T53-LR 114  +03 645 +1.0 nd.f
R56/R54-IR 113 =02 594 —41 nd.f

% Average of two or more experiments performed on two independent
protein preparations.

® Percent change in the sedimentation coefficient promoted by the bisub-
strate analog PALA.

°T, is the midpoint of the unfolding transition in differential scanning
calorimetry experiments.

4 Difference in T, relative to ATCaseys.

m

¢ AA,qggs is the absorbance difference between the maximum at 290 nm
and the minimum at 285 nm for protein containing PALA (4 PALA/active
site) versus without PALA.

"Not determined.

tional change in the enzyme associated with its allosteric
properties (Howlett and Schachman 1977). Studies with
many mutant forms of ATCase have demonstrated that
those holoenzymes that exhibit cooperativity in enzyme ki-
netics or the binding of analogs also undergo a structural
change revealed by a 3% decrease in sedimentation coeffi-
cient (s). Results of the difference sedimentation velocity
experiments (As/s, in percent) in the absence and presence
of PALA are summarized in Table 3. The values for the
wild-type enzyme and for ATCaseys, —2.9% and —2.6%,
respectively, are in good agreement with that (=3.1%) ob-
tained previously (Howlett and Schachman 1977). Catalyti-
cally active holoenzymes containing permuted c chains
yielded As/s values that were slightly smaller in magnitude
(-2.0% for A32/A32-NKVN and -2.3% for 1215/E217-
VR). In contrast, the inactive variants Q137/T136, V169/
S171-LR, H170/T173-HKVN, R54/T53-LR, and R56/R54-
IR showed no detectable change in the sedimentation coef-
ficient upon the addition of PALA (Table 3).

Thermal stability of ATCase variants
containing circularly permuted c chains

Differential scanning microcalorimetry was used to deter-
mine the effects of the circular permutation on the thermal
stability of the holoenzymes. As shown in Figure 5, AT-
Caseyy unfolded as a single, slightly asymmetric endotherm
with a transition midpoint (7,,) at 63.5°C. The wild-type
enzyme unfolded at a slightly higher temperature, 64.1°C
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Fig. 5. Thermograms of ATCase variants obtained by differential scanning
microcalorimetry. Holoenzymes containing circularly permuted c chains
were scanned at 15°C/h as described in Materials and Methods. ATCaseyq
(solid line), 1215/E217-VR (broken line), and Q137/T136-HKVN (dotted
line) are shown.

(Table 3). Thermograms for two permuted variants, 1215/
E217-VR and Q137/T136, are shown as examples of holo-
enzymes exhibiting slightly and substantially reduced melt-
ing temperatures (Fig. 5). The melting temperatures and
values of AT,,, representing the change in melting tempera-
ture relative to ATCaseyy, are summarized in Table 3. Most
of the variants exhibited slightly reduced transition tempera-
tures, with AT, values ranging from —0.7°C for V169/S171-
LR to —4.1°C for R56/R54-IR. However, two variants, both
with ¢ chains beginning at Q137, showed markedly reduced
melting temperatures, almost 14°C lower than ATCase. It
is noteworthy that the 7, value (59.8°C) of the Q137/S131
variant, which has a 5-residue deletion in the permuted c
chains, is only slightly decreased.

Discussion

Changes in functional properties of ATCase resulting
from circular permutation of ¢ chains

The initial experiments on ATCase containing circularly
permuted c¢ chains generated by site-specific techniques
demonstrated that a variant with ¢ chains beginning at
D236, which is in a flexible loop, was catalytically active
but devoid of allosteric properties (Yang and Schachman
1993). In subsequent studies with other ATCase permutants
having termini located in other flexible loops, it was shown
that the enzymes were both catalytically active and alloste-
ric with only minor changes in kinetic constants and Hill
coefficients (Zhang and Schachman 1996). In contrast, one
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construct that would have placed the termini at M104 in a 8
strand in the interior of the protein failed to express detect-
able levels of enzyme activity or holoenzyme. Another per-
mutant having termini at M227 in a different (3 strand was
found to be produced in large amounts but was only par-
tially active (Zhang and Schachman 1996). Based on these
observations, it is clear that the locations of the newly in-
troduced termini can have different effects on the folding of
the polypeptide chains, assembly into stable holoenzymes,
and their catalytic and allosteric properties. The method of
random circular permutation (Graf and Schachman 1996)
was devised in part to address these issues and generate a
library of ATCase molecules with diverse properties.

The principal advantage of the random permutation
method is that the selection and screen permit the identifi-
cation of potential clones leading to enzyme activity or rea-
sonably stable holoenzymes with structures comparable to
wild-type ATCase. From the selected clones, variants
whose termini are located in elements of secondary struc-
ture are easily identified. Of the nine purified variants hav-
ing termini within or adjacent to helices, only 1215/E217-
VR and A32/A32-NKVN possessed considerable enzyme
activity. These data, taken together with results of previous
studies (Zhang and Schachman 1996), indicate that placing
the termini in elements of secondary structure often leads to
major changes in tertiary structure or active site geometry.
However, it should be noted that the library of variants
investigated thus far is only a small fraction of those poten-
tially available and that the topological map in Figure 1 is
only partially saturated. The observation that some helices
can be interrupted without the loss of enzyme activity jus-
tifies further investigations aimed at determining whether
active enzyme can be produced in variants whose ends are
located in 3 strands as well.

On the basis of site-specific mutagenesis experiments
which have demonstrated that amino acid substitutions at
residue Q137 (Stebbins et al. 1989) and at other positions
lead to a substantial reduction in V,,,. and increase in K, 5
for aspartate, it is not surprising that circular permutation of
the c¢ chains at positions 137, 169, and 170 have major
effects on catalysis. Similarly, disruption of the polypeptide
chain at R54 and R56 likely causes conformational changes
affecting the phosphate-binding loop comprising residues
(52-55) which are known to be implicated in the binding of
carbamoyl phosphate (Stevens et al. 1991).

Effect of disruption of o helices on stability

Previous studies of the effects of amino acid deletions at the
C termini of the ¢ chains in wild-type ATCase demonstrated
that removal of the last five residues had little impact on the
enzyme activity or stability of the holoenzyme. However,
chain-termination mutations causing truncation of the
chains at several positions within the large interdomain he-
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lix (Helix 12) resulted in pyrimidine auxotrophy, indicating
that most of this helix is essential for proper folding and
assembly of a stable enzyme (Peterson and Schachman
1991). Therefore, it was of interest to determine the effect of
disruption of other helices on the assembly and stability of
ATCase. Based on results with the three permuted variants
having the N terminus at Q137 in the 15-residue interdo-
main helix (Helix 5), that secondary structural element can
tolerate interruptions, deletions, and insertions without im-
pairing drastically the in vivo folding of the chains, as well
as assembly and stability of the holoenzyme. It is particu-
larly striking that the variant, Q137/S131, with the 5-residue
deletion has a higher 7,, than the other variants having no
deletions or insertions (Table 3). In addition, Helices 6 and
8 can undergo breaks with minimal effects on protein ex-
pression and stability. It is unclear whether disruption of the
remaining helices would have a deleterious effect on the
folding or association of c¢ chains and on enzyme activity.

Circularly permuted T4 lysozyme having termini within a
large interdomain helix has been shown to be less stable
than its wild-type counterpart (Llinds and Marqusee 1998).
Despite this destabilization, the lysozyme variant exhibited
~10% of wild-type activity, suggesting that the permuted
protein was similar to the native protein in tertiary structure.
Although this variant was grossly destabilized, it is possible
that interruptions in other helices of T4 lysozyme may be
tolerated without substantial impact on stability.

Structure of ATCase-containing permuted c chains

Several questions regarding the three-dimensional structure
of permuted variants of ATCase are crucial in understand-
ing effects of relocation of the chain termini. First, if new
chain termini are located in a hydrophobic region of the
native protein, do they assume a similar position in the
permuted protein, or do the ends alter their position so that
they are in an energetically favored region? Can the oppo-
sitely charged —NH;" and —COO™ groups neutralize each
other via ionic interactions? Another important question is
whether interrupted helices produced by circular permuta-
tion fold into two shorter helices, thereby maintaining many
of the tertiary structural interactions. Answering these ques-
tions requires crystallographic studies of variants such as
the three ATCase permutants with ¢ chains beginning at
residue Q137. The two variants Q137/T136-HKVN and
Q137/T136, each of which has Met at the N terminus, are
significantly less stable than the variant Q137/S131, which
also has Met at the N terminus but has a deletion of five
residues. Further investigations will doubtless yield invalu-
able information on whether insertions of additional resi-
dues, along with the introduction of ion pairs, are more
destabilizing than deletions that do not cause packing prob-
lems.

Effects on N-terminal processing

As observed in previous permutation studies of ATCase
catalytic chains (Yang and Schachman 1993; Zhang and
Schachman 1996), the locations of the new termini had a
large effect on N-terminal processing. The degree of pro-
cessing is thought to be a function of the second residue
(Hirel et al. 1989). However, for some circularly permuted
proteins, the degree of N-terminal processing differs signifi-
cantly from the prediction based on the sequence (Zhang
and Schachman 1996). One additional permuted c-chain
variant (V169/S171-LR) exhibits substantially less process-
ing than that based on the sequence. Altogether, about one-
third of the permuted c-chain variants analyzed thus far
have processing that differs from predictions. We surmise
that another factor determines the degree of processing,
namely, the location of the N terminus in the three-dimen-
sional structure. This would be reasonable if protein folding
were much faster than recognition by an N-terminal trans-
ferase, which is likely in most cases. The approach using
circular permutation may provide more insight into the
analysis of N-terminal processing in terms of the location of
the N terminus in the three-dimensional structure.

Materials and methods

Materials

Vent DNA polymerase and T4 DNA ligase were from New En-
gland Biolabs. DNA Polymerase 1 (Klenow Fragment), Calf In-
testinal Phosphatase, and Q-Sepharose Fast Flow resin were from
Pharmacia Biotech (Uppsala, Sweden). Ni-NTA agarose was from
Qiagen, Inc. "*C-CbmP was from American Radiolabeled Chemi-
cals. PALA (lot MK45-89-1) was kindly provided by Dr. Robert
R. Engle (Developmental Therapeutics Program, Division of Can-
cer Treatment, National Cancer Institute, National Institutes of
Health, Bethesda, MD).

Methods

Circular permutation

Random circular permutation of the Escherichia coli pyrB gene,
encoding the catalytic chains of ATCase, was performed as re-
ported (Graf and Schachman 1996). The resulting library was
transformed into E. coli strain HS533, which lacks the chromo-
somal copy of pyrB. Clones producing active ATCase were se-
lected by complementation in this ATCase-deficient strain, and
those producing ATCase in substantial quantity were identified
using an immunoblot screen or by nondenaturing PAGE. The
DNA sequence of clones producing active or stable enzyme was
determined to deduce the protein sequence. The permutant Q137/
T136 was constructed by site-directed mutagenesis using PCR
techniques (Zhang and Schachman 1996).

Protein expression and purification

ATCase,, was purified by the method of Gerhart and Holoubek
(1967) except that the anion-exchange resin Q-Sepharose (Phar-
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macia Biotech, Uppsala, Sweden) was substituted for DEAE-
Sephadex. Purification was facilitated by subcloning the permuted
genes into a plasmid containing a modified pyr/ gene encoding a
hexa-His sequence at the N terminus of the regulatory chains.
ATCaseyq and the variants containing circularly permuted c chains
were expressed in strain HS533 and purified as described (Graf
and Schachman 1996).

Mass spectrometry

Prior to mass spectrometry the ¢ and His-tagged regulatory chains
of the variants were separated by reversed-phase HPLC on a Vy-
dac C18 column. Masses were determined on a Hewlett Packard
S989A electrospray ionization mass spectrometer.

Enzyme kinetics

Steady-state kinetic assays were performed with '*C-CbmP as de-
scribed (Davies et al. 1970). Assays were performed at 30°C in
reactions containing 50 mM MOPS - KOH at pH 7.0, 0.2 mM
EDTA, 2 mM BME, and 4 mM CbmP. Enzyme concentrations
were 1-3 pg/mL and aspartate concentrations 0-30 mM. Circu-
larly permuted variants that displayed greatly reduced catalytic
activity were assayed at 30-600 pg/mL and were estimated to
exhibit V,,,. <0.01 mmole carbamoyl aspartate/mg per hour

max

(<0.1% of the wild-type value).

Ultraviolet difference spectroscopy

Ultraviolet absorption difference spectra in the absence and pres-
ence of the bisubstrate analog PALA (Collins and Stark 1971)
were measured using a Cary 3 spectrophotometer. Spectra were
recorded from 310 to 275 nm at 0.2-nm intervals, using 1-cm path
length cuvettes. Difference spectra between the unliganded and
liganded enzymes, obtained following addition of PALA to 4 and
40 PALA/active site, showed a characteristic minimum at 285 nm
and a maximum at 290 nm. Results are recorded as the change in
absorbance, AA,q, »gs. €xpressed in units of per centimeter per
milligram per milliliter.

Analytical ultracentrifugation

Sedimentation velocity experiments at protein concentrations 2.5
mg/mL were performed with a Beckman XL-A analytical ultra-
centrifuge equipped with absorption optics. Samples contained no
PALA or 0.18-mM PALA (4 PALA/active site). Sedimentation
coefficients were determined by using the second moment or the
time derivative method provided in the XLA-Velocity software
(Beckman, Inc.). In each experiment, the different cells contained
solutions of unliganded enzyme and PALA-liganded enzyme
(about 4 PALA/active site). The reported sedimentation coeffi-
cients and values of As/s were not corrected for density or viscos-
ity of the solvent or for the change in buoyant weight caused by
bound ligands.

Differential scanning calorimetry

Thermal stabilities of the variants were measured calorimetrically
with proteins dialyzed against 40 mM KBO3, 0.2 mM EDTA at a
scan rate of 15°C/h as described (Peterson and Schachman 1991).
A VP-DSC calorimeter (MicroCal, Inc.) was employed using pro-
tein concentration 0.4 mg/mL. At least two scans were done using
independent protein preparations.
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