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Abstract

Genetic selection provides an effective way to obtain active catalysts from a diverse population of protein variants. We
have used this tool to investigate the role of loop sequences in determining the quaternary structure of a domain-swapped
enzyme. By inserting random loops of four to seven residues into a dimeric chorismate mutase and selecting for
functional variants by genetic complementation, we have obtained and characterized both monomeric and hexameric
enzymes that retain considerable catalytic activity. The low percentage of active proteins recovered from these selection
experiments indicates that relatively few loop sequences permit a change in quaternary structure without affecting active
site structure. The results of our experiments suggest further that protein stability can be an important driving force in

the evolution of oligomeric proteins.
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Many natural proteins are composed of more than one copy of the
same polypeptide. For some of these proteins, quaternary structure
appears to have arisen through the process of “domain swapping”
(Bennett et al., 1994, 1995). This involves the replacement of a
unit of structure, or “domain,” in one polypeptide with the same
domain from an identical polypeptide. The result is an intertwined
dimer or higher order oligomer (Fig. 1). Several proteins have now
been found that can exist in both monomeric and domain-swapped
oligomeric forms (Piccoli et al., 1992; Parge et al., 1993; Bennett
et al., 1994), lending support to the proposal that domain swapping
may have played a role in the evolution of some multimeric pro-
teins (Bennett et al., 1994, 1995).

In a domain-swapped protein, the sequence of amino acids that
connects the swapped domain with the rest of the polypeptide is
referred to as the “hinge loop” (Bennett et al., 1995) (Fig. 1).
Several studies have highlighted the role of the hinge loop in
controlling the oligomerization state of the protein. For example,
changes in the length or sequence of hinge loops have been de-
scribed that convert monomeric proteins into stable dimers (Di
Donato et al., 1994; Green et al., 1995), or dimeric proteins into
stable monomers (Mossing & Sauer, 1990; Trinkl et al., 1994;
Dickason & Huston, 1996; MacBeath et al., 1998b). Importantly,
a high-resolution crystal structure of one such variant—a mono-
meric version of A cro (Mossing & Sauer, 1990)—revealed sig-
nificant conformational changes relative to the wild-type dimer

Reprint requests to: Donald Hilvert, Laboratorium fiir Organische Chemie,
ETH Zentrum, Universititstrasse 16, CH-8092 Ziirich/Switzerland; e-mail:
hilvert@org.chem.ethz.ch.

(Albright et al., 1996). This result suggests that in the case of
enzymes, where structural changes are often poorly tolerated, mu-
tations that alter quaternary structure without causing a significant
loss in catalytic activity may be relatively rare.

In nature, infrequent but beneficial mutations are identified and
propagated by genetic selection. Here, we exploit this process to
investigate the role of the hinge loop in controlling quaternary
structure. As a model protein, we chose the chorismate mutase
domain of the bifunctional chorismate mutase-prephenate dehydra-
tase enzyme from Escherichia coli (pheA gene product). The
N-terminal portion of this enzyme folds independently from the
C-terminal moiety (Stewart et al., 1990) to form a homodimeric
with an unusual six-helix-bundle topology (Lee et al., 1995)
(Fig. 2). We have previously shown that residues 1-96 of the pheA
gene product are sufficient for full chorismate mutase (CM) ac-
tivity (MacBeath et al., 1998¢) and refer to this domain as EcCM
(for E. coli chorismate mutase).

EcCM catalyzes the conversion of chorismate to prephenate
with a rate acceleration of >10° over the uncatalyzed reaction
(Zhang et al., 1996). The rearrangement of chorismate to prephe-
nate represents the first committed step in the biosynthesis of
L-tyrosine (Tyr) and L-phenylalanine (Phe) in bacteria, fungi, and
higher plants (Haslam, 1993). We have previously prepared a re-
combinant strain of E. coli (KA12/pKIMP-UAUC) that lacks CM
activity but has all the other enzymic functions necessary for the
biosynthesis of Tyr and Phe (Kast et al., 1996b). As a result, the
strain is unable to grow on media lacking these amino acids but
regains prototrophy when transformed with an expression plasmid
(pKECMB-W) that harbors the gene for EcCM (pheA’) (Mac-
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Fig. 1. Domain swapping. A domain-swapped dimer forms when one domain of a monomeric protein is replaced by the same domain
from an identical polypeptide. “Domains” can be as large as an entire globular protein domain, as in the diphtheria toxin metastable
dimer (Bennett et al., 1994), or as small as a B-strand, as in the CksHs2 dimer (Parge et al., 1993). According to the nomenclature of
Bennett et al. (1995), the C interface refers to the contact surface between domains in the closed monomer (preserved in the dimer),
the O interface refers to the contact surface between open monomers in the domain-swapped dimer (not present in the closed
monomer), and the hinge loop refers to a segment of polypeptide that links the swapped domain to the rest of its subunit.

Beath et al., 1998a). This complementation system thus provides a
sensitive test for the conformation of protein variants. If a mutation
in EcCM leads to significant structural perturbations in the active
site of the enzyme, cells producing this variant will be unable to
grow on media lacking Phe and Tyr. If, on the other hand, the
mutation does not affect the catalytic function of the enzyme or
interfere with protein folding and stability, the cells will grow
unhindered. This permits us to direct the evolution of functional
variants of EcCM with altered quaternary structure.
Crystallographic studies on EcCM (Lee et al., 1995) show a
domain-swapped, dimeric topology (Fig. 2) in which the long,
N-terminal helix (H1) spans the two catalytic domains and con-

Hinge loop
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Fig. 2. Changing the quaternary structure of EcCM. A: A MOLSCRIPT
representation (Kraulis, 1991) of the wild-type, dimeric enzyme is shown
on the left, with transition state analog inhibitor bound in the active sites.
Alternative oligomerization states may be induced by inserting randomized
hinge loop sequences between residues Alay; and Leuys in the middle of
helix H1. B: A hypothetical structure of a monomeric variant is shown on
the right, with the inserted hinge loop colored red.

tributes residues to both active sites. Unlike other domain-swapped
dimers, however, EcCM lacks a flexible hinge loop sequence; H1
is a long, unbroken a-helix. We reasoned that if the appropriate
loop were inserted into the middle of this helix, the normal dimeric
structure could be disrupted and other oligomeric states populated
(Figs. 1, 2). Consistent with this notion, we have recently reported
the insertion of an 8 amino acid loop into helix H1 of MjCM, a
thermostable homolog of EcCM from Methanococcus jannaschii,
to yield a highly active and monomeric variant (MacBeath et al.,
1998b).

How important is the specific composition of the inserted hinge
loop? Studies on interhelical turns in cytochrome 5-562 (Brunet
etal., 1993; Ku & Schultz, 1995) and ROP (Castagnoli et al., 1994;
Vlassi et al., 1994; Predki & Regan, 1995; Nagi & Regan, 1997)
have shown that there are relatively few constraints on the se-
quence or length of interhelical turns. This suggests that a high
percentage of loop sequences could be tolerated in EcCM. How-
ever, we have shown that, if residues in an interhelical turn are
involved in long-range tertiary interactions, the fraction of accept-
able sequences may be dramatically reduced (MacBeath et al.,
1998a). Also, in the aforementioned experiments with MjCM (the
thermostable homolog of EcCM), less than 0.05% of turn se-
quences gave monomeric proteins with high catalytic activity (Mac-
Beath et al., 1998b). Given the exacting conformational control
required for efficient catalysis, hinge loops that change the qua-
ternary structure of EcCM without causing a significant decrease
in its catalytic activity are, likewise, expected to be rare. In the
study with MjCM, we employed genetic complementation to ob-
tain functional variants; here, we use these same methods to de-
termine how the length of the inserted loop affects quaternary
structure in this less stable E. coli enzyme.

Results

Design and construction of the hinge loop libraries

Computer modeling suggested inserting a hinge loop between res-
idues Ala,3 and Leu,, of EcCM. This site is in the middle of the H1
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helix, dividing the molecule into two equal catalytic domains along
the H3-H3' interface (Fig. 2). Because these residues are relatively
exposed to solvent, steric clashes between the insert and the un-
derlying H3 helix are also minimized. To explore the effect of loop
length on the quaternary structure of this enzyme, we prepared four
different libraries (L4, LS, L6, and L7), with randomized loops of
four, five, six or seven residues, respectively.

A unique cloning strategy, designed to avoid several problems
associated with PCR-based methods, was employed to construct
the libraries. When PCR is used to incorporate oligonucleotides
with randomized codons into the gene of interest, a strong bias
toward the wild-type sequence may be introduced in the primer
annealing step. Heteroduplex DNA may also be formed at this
stage, resulting in the production of mixed clones upon transfor-
mation. Introduction of unwanted point mutations elsewhere in the
gene, by error-prone polymerases employed for PCR, is another
common problem (polymerases with 3" to 5" exonuclease activity,
such as pfu polymerase, cannot be used since they may degrade
part of the library primer and replace the degraded portion with
wild-type sequence). Furthermore, trimming of the ends of PCR
products with restriction enzymes needed for cloning often reduces
the diversity of the random libraries.

The alternative strategy is illustrated in Figure 3. First, we pre-
pared an inactive version of plasmid pKECMB-W by inserting a
piece of “stuffer’” DNA into pheA’. The resulting plasmid, pKECMB-
S2, did not complement the CM-deficiency of KA12/pKIMP-
UAUC cells and was used to reduce the occurrence of “false
positives” in the libraries. Two adapter primers, ECADB-S and
ECADN-S, as well as the library primer, ECL2-N (n = 4, 5, 6,
or 7), were phosphorylated, mixed in equimolar amounts, and
annealed. The annealed primers were then ligated with the appro-
priate BssHII/Nhel fragment of pKECMB-S2, simultaneously re-
storing the gene and introducing the randomized hinge loops. The
gap encompassing the randomized sequence (Fig. 3) was filled in
and the DNA introduced directly into KA12/pKIMP-UAUC cells
for genetic selection. About 107 transformants were obtained for
each library, enabling the assessment of a large number of hinge
loops of varying lengths.

Evaluation by genetic selection

Following amplification of the libraries under nonselective condi-
tions, the cells were washed thoroughly, diluted, and plated in
duplicate on either LB agar plates (nonselective conditions) or
MOc¢ agar plates (selective conditions). The M9c plates were in-
cubated at 30 °C and colonies counted after 6 days and then again
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after 12 days (Fig. 4; Table 1). It was immediately apparent that
only a small percentage of clones in any of the libraries were able
to grow on the selective plates, and that the size of colonies varied
dramatically under these conditions. The low percentage of com-
plementing clones supports the notion that relatively few hinge
loops permit a change in quaternary structure without some per-
turbation of the protein’s tertiary structure. This result also illus-
trates the value of genetic selection for obtaining rare, functional
variants.

It was also clear that the four libraries gave dramatically differ-
ent results from each other. In libraries L5 and L6, less than 2 X
10 3% of the clones were able to complement the CM-deficiency,
even after 12 days at 30 °C. Library L4 initially appeared similar to
L5 and L6. However, after prolonged incubation, 30 to 50 times as
many clones were able to grow in library L4 than in either L5 or
L6 (Fig. 4; Table 1). By far the highest percentage of complement-
ing clones was observed in the L7 library, where 0.47% of the
transformants formed visible colonies on selective plates after
12 days at 30°C.

A simple explanation of this result is that neither monomeric nor
multimeric variants of ECCM are easily formed. Instead, the di-
meric structure is maintained and the long, N-terminal a-helix is
simply lengthened by the number of inserted residues. This process
would move the two helices, H3 and H3', apart and result in an
elongated dimer with unaltered active sites. Since seven residues
corresponds exactly to two turns of an a-helix (with a left-handed
superhelical twist), the L7 library yields the highest number of
functional variants. The insertion of four residues is less well tol-
erated, since it is slightly out of register with the ideal 3.6 residues
per turn, while the insertion of either five or six residues is very
poorly tolerated since this would throw the helix severely out of
register.

Sequences of selected hinge loops

For sequence analysis, selected clones were picked from each of
the four libraries and plasmid DNA recovered. To our surprise,
restriction analysis revealed that the gene sequences for most of
the complementing clones from libraries L5 and L6 did not contain
the expected number of inserted codons. Instead, they matched the
length of the wild-type pheA’. DNA sequences were obtained for
14 such clones (dubbed “escape mutants”) from library L5 (data
not shown). All 14 mutants had no inserted bases at the expected
site but contained various point mutations in the vicinity. In most
cases, the corresponding protein sequences differed from that of
wild-type EcCM only in the identity of residue 24. Restriction

Nhel

pKECMB-S2

Fig. 3. Construction of the hinge loop libraries. Oligonucleotides ECADB-S, ECADN-S, and ECLn-N (n = 4, 5, 6, or 7) were
phosphorylated, annealed and ligated into the appropriate BssHII/Nhel fragment of pKECMB-S2. The resulting gap was filled in using
T4 DNA polymerase and the DNA introduced into KA12/pKIMP-UAUC cells for genetic selection.
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Fig. 4. Evaluation of the hinge loop libraries by genetic selection. Cells
were washed, plated on minimal media (M9c), and incubated at 30 °C for
the indicated length of time. The number of transformed cells that were
spread on each plate (indicated in the white box) was determined by spread-
ing an appropriate dilution of cell suspension on rich media (LB) and
counting the colonies after incubation for 3 days at 30 °C (not shown).

analysis of 30 selected clones from library L5 (both large and
small colonies) revealed only two poorly complementing variants
with an appropriate insert. No plasmids of the correct size were
identified among 30 selected L6 clones. This means that the true
percentages of five- and six-residue hinge loops that permit in vivo
activity are at least 10-fold lower than the estimates reported in
Table 1, further emphasizing the deleterious effects of these inser-
tions. Restriction analysis of selected clones from library L4 showed
that the fastest growing clones were also predominantly escape
mutants. However, many more clones appear after 12 days of
incubation and the majority of these variants contain the expected
4-codon insert. No escape mutants were observed among the se-
lected clones from library L7. Based on these observations, we
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Table 1. Evaluation of the hinge loop libraries
by genetic complementation

% Complementing
clones visible

% Complementing
clones visible

Library after 6 days after 12 days
L4 0.0014 0.056

LS 0.0016 0.0018

L6 0.00060 0.0011
L7 0.036 0.47

estimate that about 1 in 10° clones are escape mutants in each
library. This low level of background only becomes limiting for
libraries with an extremely small number of active clones. The
mechanism by which these mutants are formed is unclear, but
likely involves error-prone repair of gapped DNA within the cell.
Additional experiments will be necessary to clarify the extent to
which the new library construction strategy contributes to these
background levels.

Sequences were obtained for the two marginally active L5 vari-
ants and for 12 active full-length variants from each of the L4 and
L7 libraries (Table 2). A fairly strong consensus was observed
among the L4 sequences: [small Ile (or similar) Val (or similar)
hydrophilic], with a few exceptions. The strong consensus is not
surprising given the low percentage of complementing clones
(Table 1). While only two L5 clones were obtained, their se-
quences are also fairly similar, particularly in the central three
residues of the insert (Table 2). Less similarity was apparent among
the L7 variants, consistent with the higher percentage of comple-
menting clones in this library (Table 1). Nevertheless, a weak
consensus is observed: [X-hydrophobic-small-hydrophilic-hydro-
phobic-small-hydrophilic] (where X is any amino acid). Interest-
ingly, the consensus does not clearly match the pattern expected
for a simple extension of helix H1 by two helical turns. In the
wild-type dimer, H1 forms a coiled-coil with H1’, and the first and
fifth residues of the inserted loop lie at the “d” and “a” positions
of this motif respectively (Creighton, 1993). In natural coiled-
coils, the “d” position is predominantly occupied by Leu or Ala,
the “a” position by Leu, Ile, Ala, or Val, and the other positions by
more hydrophilic residues (Cohen & Parry, 1990). However, most
of the clones in Table 2 do not conform to this expectation, sug-
gesting that the simple explanation for the statistical trends of
Table 1 may be incorrect. We therefore elected to study one ran-
domly chosen variant from each of the L4, LS, and L7 libraries in
greater detail.

Protein production, purification, and refolding

Efficient production of wild-type EcCM and the three hinge loop
variants L4-1, L5-1, and L7-1 (Table 2) was achieved using the T7
expression system (Studier et al., 1990). The genes for EcCCM and
the three variants were each subcloned into pET-22b-pATCH, a de-
rivative of pET-22b (Novagen, Madison, Wisconsin) that has been
modified to prevent unwanted translational read-through at the TGA
stop codon (MacBeath & Kast, 1998). The resuiting plasmids (pET-
EcCM-pATCH, pET-L4-1-pATCH, pET-L5-1-pATCH, and pET-
L7-1-pATCH, respectively) were introduced into host strain KA13,
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Table 2. Hinge loop sequences of selected clones from libraries L4, LS, and L7

Clone DNA sequence Protein sequence?®

L4-1 TCG ATC GTC CAG Ser Ile Val Gln

L4-2 GCG ATC GTG CAG Ala Ile Val Gln

L4-3 TGC TTG TGC TGC Cys Leu Cys Cys (+LeuysPhe)
L4-4 ACG ATC GTC CGG Thr Ile Val Arg

L4-5 ACC ATC GTC CAG Thr Ile Val Gln

L4-6 | GCC ATA GTG AGG Ala Ile Val Arg (+Ala,;val)
L4-7 ACC ATC ATC GAA Thr Ile Ile Glu

L4-8 AAC ATC GCC GCG Asn Ile Ala Ala

L4-9 TGT CTT GTC CTG Cys Leu Val Leu (+LeuyIle)
L4-10 TGC ATC TGC CGC Cys Ile Cys Arg

14-11 TCC GTC GTG CTG Ser Val Val Leu

L4-12 TTG ATC GTC CGG Leu Ile Val Arg

LSs-1 TGC TTC CCG TGG GAC Cys Phe Pro Trp Asp (+Ala;sGlu)
1L5-2 ATC TAC CCC TTC GCC Ile Tyr Pro Phe Ala

L7-1 ACC GCC GCG AGC CTC ACC AGC Thr Ala Ala Ser Leu Thr Ser
L7-2 GCG TGC GCC ACC AGC CTC AGG Ala Cys Ala Thr Ser Leu Arg
L7-3 CAC TTC TCG CAC ATG TCG AAG His Phe Ser His Met Ser Lys
L7-4 TTG TTC TCC AGC ATG GCG CAG Leu Phe Ser Ser Met Ala Gln
L7-5 AGC TTC GCG ACC TGC ACC AAG Ser Phe Ala Thr Cys Thr Lys
L7-6 ACC GCG CAC AAC CTC GCC CTG Thr Ala His Asn Leu Ala Lys
L7-7 TGC AGC GCG ACC ATC CTG ACC Cys Ser Ala Thr Ile Leu Thr
L7-8 CTC CTC GGC CAG GTC TCC TCG Leu Leu Gly Gln Val Ser Ser
L7-9 ATC CTC GCG GAG CTC AGC CAG Ile Leu Ala Glu Leu Ser Gln
L7-10 CTC GCG GCG AAC ATG GCC CAG Leu Ala Ala Asn Met Ala Gln
L7-11 GAG TTC TCG CTC ATC TGC TCG Glu Phe Ser Leu Ile Cys Ser
L7-12 GTG CTG GTG ACG CTC ACG GAG Val Leu Val Thr Leu Thr Glu

2Clones L4-3, L4-6,
amino acid changes.

a recA-deleted K-12 strain of E. coli, which is devoid of endog-
enous E. coli CM activity. Upon induction of the chromosomally
integrated T7 RNA polymerase gene with IPTG, high yields of
soluble protein were obtained for EcCM and L5-1. In contrast,
both L4-1 and L.7-1 were recovered as insoluble inclusion bodies.
Proteins produced using pET-22b-pATCH derivatives contain a
C-terminal (His)¢-tag that enables efficient purification by affinity
chromatography on a matrix containing chelated Ni** ions (Van
Dyke et al., 1992). All four proteins were purified in this way
(EcCM and L5-1 under native conditions and L4-1 and 1.7-1 under
denaturing conditions), yielding samples of >98% purity as judged
by SDS-polyacrylamide gel electrophoresis and Coomassie blue
staining. Analysis by electrospray ionization mass spectrometry
(ESI-MS) confirmed the identity of each protein and indicated that
the N-terminal methionine residue (Met; ) had been removed in the
EcCM and L5-1 samples but was intact in the L4-1 and L7-1
samples. All experimentally determined masses correlated well
with the calculated masses (EcCM [-Met, ]: calcd 11,886.7, obsd
11,885; L4-1: calcd 12,445.4, obsd 12,444; L5-1 [-Met, ]: caled
12,593.5, obsd 12,592; L7-1: calcd 12,649.6, obsd 12,651).
Analytical size-exclusion column chromatography showed that
wild-type EcCM preparations were composed of a mixture of cor-
rectly folded, dimeric protein (~50%) and various misfolded, higher-
order aggregates (remaining 50%). The higher-order aggregates
were converted into fully active, dimeric protein by denaturation
with guanidinium chloride and subsequent renaturation upon di-
lution into native buffer. The efficiency of refolding was >95% as

LA4-9, and L5-1 also contained single point mutations producing the indicated

judged by analytical gel filtration and native polyacrylamide gel
electrophoresis. Kinetic analysis of the refolded EcCM at 20°C
indicated a k., of 16.3 s~! and a K,, of 290 uM, which is
in general agreement with the reported values of 9.0 s™' and
300 uM, respectively (Galopin et al., 1996). (NB: The value for
kear 0f 9.0 57! was calculated from the reported values of AH# and
AS* with T = 293.15 K.)

Based on the successful refolding of EcCM, the three hinge loop
variants were treated in the same way. A significant amount of
precipitated protein (~25-40%) accumulated during the refolding
of L4-1 and L7-1, but L5-1 remained entirely in solution. After
removing the precipitated material by centrifugation, the variants
were examined by gel filtration. In all three cases, a predominant
species was observed (>>80% of the sample), which was then
isolated for further analysis. (NB: Samples of L5-1 purified under
either native or denaturing conditions behave similarly when sub-
jected to nondenaturing polyacrylamide gel electrophoresis and
size exclusion chromatography, suggesting that the refolding pro-
cedure does not alter the predominant oligomerization state.)

Structural and kinetic characterization

The oligomerization states of EcCM and the three variants were
determined by analytical ultracentrifugation. Figure 5 shows sed-
imentation equilibrium data for all four proteins, loaded at an
initial concentration of 10 uM. As expected, ECCM behaves as a
dimer. The data fit best to a single ideal species model (Equation 1)
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Fig. 5. Sedimentation equilibrium analysis of EcCM and variants. Data were obtained at 17,000 rpm, 20 °C, with 10 uM protein in
PBS. Lines indicate least-squares fitting to a single ideal species model (see Materials and methods). The residuals from these fits are
shown in the windows above the plots. (A) EcCM, (B) L4-1, (C) L5-1, (D) L7-1.

with an average molecular mass of 23,800 g/mol (Fig. 5A). This
compares very well with the expected value of 23,774 g/mol,
calculated for the EcCM dimer based on amino acid composition.

Sedimentation of L4-1 and L7-1, on the other hand, gave sig-
nificantly different results. In both cases, protein material was lost
during the course of the experiment (about 50% loss), presumably
because of aggregation and subsequent removal by centrifugation.
This is consistent with the observation that both 1L.4-1 and L7-1
precipitate slowly upon prolonged storage, particularly at high
concentration. Nevertheless, sufficient material remained in solu-
tion to permit analysis of the soluble protein. Contrary to our ex-
pectation that the L4 and L7 variants are dimeric (see above), both
proteins were clearly monomeric at the concentrations employed
for the sedimentation analysis (initial concentration: ~10 uM). In
each case, the data fit best to a single ideal species model, yielding
average molecular masses of 13,700 g/mol for L4-1 (calculated:
12,445 g/mol) and 12,900 g/mol for L7-1 (calculated: 12,650
g/mol). Thus, it appears that monomeric versions of ECCM have
been obtained. However, these monomers are relatively unstable
and aggregate readily.

In contrast to L4-1 and L7-1, L5-1 did not precipitate upon
prolonged storage. Likewise, the sedimentation data did not show

the same loss of material during the course of the experiment.
Unlike L4-1 and L7-1, however, L5-1 is not monomeric. In fact,
the data fit best to a single ideal species model with an average
molecular mass of 75,800 g/mol (Fig. 5C). This corresponds well
to the molecular mass expected for a hexameric species (75,564
g/mol, calculated from amino acid composition). Apparently, in-
sertion of this five-residue hinge loop favors the formation of a
well-defined, higher-order oligomer rather than a marginally stable
monomer (as with L4-1 and L7-1).

To investigate the secondary structure of the hinge loop variants,
far UV circular dichroism (CD) spectra were obtained for each
mutant as well as for the wild-type enzyme (Fig. 6). The spectra of
L4-1,L5-1, and L7-1 are roughly similar in shape to that of EcCM
and exhibit features indicative of high a-helical content (Green-
field & Fasman, 1969; Chen et al., 1974). Nevertheless, the inten-
sities of the spectra are substantially diminished in all three variants
relative to EcCM. This likely arises from a combination of effects
including the insertion of non-helical residues, perturbations in the
secondary structure around the inserted hinge loops, and decreased
protein stability (L4-1 and L7-1). Potential inaccuracies in the
determination of protein concentration may also contribute to in-
tensity differences. Since EcCM has no Trp residues and only one



Evolution of quaternary structure

2.0
~ 10}
E
€ 00}
£
o 1.0
o)
z
+ -20}F
e
= |
§ -3.0
-4.0 L—

200 210 220 230 240 250 260
Wavelength (nm)

Fig. 6. Circular dichroism spectra of EcCM and variants. Spectra were
obtained at 20°C with 5 uM protein in PBS.

Tyr, the concentration could not be determined accurately by UV
absorption due to the potential contribution from minor, strongly
absorbing protein contaminants. All concentrations were conse-
quently determined using the Micro BCA Protein Assay (Pierce,
Rockford, Illinois) with bovine serum albumin (BSA) as the cal-
ibration standard. In terms of spectral shape, L5-1 appears the most
dissimilar to EcCM, suggesting larger structural perturbations in
this variant. This is consistent with its dramatically altered oligo-
meric state.

When assayed for catalytic activity, all three topological variants
demonstrated saturation kinetics. Steady-state parameters, &, and
K., were determined for each mutant at 20°C and are given in
Table 3. For all measurements, 0.1 mg/mL of BSA was included
in the reaction buffer to stabilize the proteins at low concentra-
tions. Interestingly, the monomeric variant L7-1 is almost as active
as EcCM, indicating very little structural perturbation in the active
site of the enzyme despite its topological transformation and struc-
tural instability. A threefold decrease in k., was observed for vari-
ant L4-1 relative to EcCM, while L5-1 suffered a drop of 100-fold
in activity. For each variant, K,, did not deviate substantially from
that observed for the wild-type enzyme (no more than 2.4-fold).
The reduced activity of L5-1 is not surprising, given its dramati-
cally altered quaternary structure. It is also consistent with the less
effective genetic complementation observed for this mutant (data
not shown).

Since relatively low enzyme concentrations (50-400 nM) were
employed to determine the kinetic parameters of the hinge loop

Table 3. Kinetic parameters for ECCM and the three
hinge loop variants®

kCﬂf Km kcal/Km
Protein (s™h (uM) M™1s™h
EcCM 16 290 56,000
L4-1 5.7 700 8,100
L5-1 0.16 600 270
L7-1 9.8 230 42,000

*Kinetic parameters were determined at 20°C in PBS.
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variants (see Materials and methods), it is important to establish
the relevance of these data to the oligomerization states determined
at higher concentrations. This was done by measuring the activity
of each variant (under k.,/K,, conditions) over a wide range of
protein concentrations (Fig. 7). For EcCM, L5-1, and L7-1, the
observed activity was essentially independent of protein concen-
tration, suggesting that their oligomerization states remain un-
changed in this regime, or that activity is independent of the state
of oligomerization. L4-1 exhibited a slight decrease in activity
with decreasing concentration. However, the effect is small (less
than twofold change between 400 nM and 25 nM) and probably
reflects the instability of the protein at low concentrations.

Discussion

Based on the observed data, a model for the oligomeric forms of
the EcCM variants is presented in Figure 8. In the wild-type pro-
tein (Fig. 8A), the absence of a hinge loop leads to the formation
of a stable dimer. Hydrophobic interactions at the subunit inter-
face, particularly between residues on helices H3 and H3’ (Fig. 2),
serve to stabilize the structure. In fact, most of the hydrophobic
interactions in the wild-type dimer occur at this interface since the
highly polar active sites of the enzyme are located in the core of
each four-helix-bundle motif (Fig. 2).

In variants L4-1 and L7-1 (Fig. 8B,D), the insertion of a hinge
loop leads to the formation of a marginally stable monomer. Since
the extensive interactions at the subunit interface of the wild-type
enzyme are lost in the transformation, the equilibrium between
native and denatured protein is shifted significantly toward the
unfolded state. The unfolded polypeptide then aggregates, either
nonspecifically or by a mechanism involving various domain-
swapped intermediates. Aggregation is essentially irreversible, pull-
ing the equilibrium toward the unfolded protein. This explains the
progressive precipitation of both L4-1 and L7-1.

In the case of LS5-1, insertion of a five-residue hinge loop
may lead to the formation of a stable domain-swapped hexamer
(Fig. 8C). Topological constraints require the hinge loops to be
positioned in the interior of the complex, where they could interact
to form a stable core. Consistent with this notion, the selected loop
of L5-1 (Cys-Phe-Pro-Trp-Asp) is strongly hydrophobic (the Asp

5.0 —e— EcCM
T e N _ _ | —e—L4-1
—_— o - T ®| —e—L5-1
45 | 0 — | ———L7-1
— 4.0L M,M—e
<
~ 3.5 L
éu
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°
25
20 | P P9 -» > Y
N 1 L L i 1 N
-8.0 -7.5 -7.0 -6.5 -6.0

log ([Enzyme])

Fig. 7. Dependence of catalytic activity on protein concentration for EcCCM
and the three hinge loop variants.
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Fig. 8. Proposed model for the structural organization of the hinge loop variants. * designates stabilizing, hydrophobic interactions.

occurs at the end of the loop and hence may not be involved in this
interaction). It is interesting to note that the selected loop of L5-2
(Ile-Tyr-Pro-Phe-Ala; Table 2) is also very hydrophobic and puri-
fied samples of this protein co-elute with L5-1 on an analytical size
exclusion column (data not shown).

The hexameric structure of L5-1 is particularly interesting for
two reasons. First, the protein exists predominantly in one oligo-
merization state. This means that the free energy of the hexamer is
significantly lower than that of other oligomeric forms (assuming
thermodynamic control). Evidently, specific stabilizing interactions
are formed in the hexamer that are absent in alternative structures.
Secondly, it is clear that the hexamer is more stable to aggregation
and precipitation than the L4-1 or L7-1 monomers. This has in-
triguing implications concerning the evolution of oligomeric pro-
teins (Janin et al., 1988; Goodsell & Olson, 1993; Bennett et al.,
1995). It appears that, in this case, oligomerization offers an easy
way to increase the stability of the enzyme. Since the highly polar
active site is located in the core of the four-helix-bundle domain,
the isolated monomer is relatively unstable. However, when sev-
eral monomeric units are brought together, a new hydrophobic
core can form that serves to stabilize the overall structure. The
hexamer, whose efficiency is significantly decreased relative to the
wild-type dimer, may also serve as an excellent starting point for
the evolution of more active catalysts using our genetic comple-
mentation system.

What, then, is the origin of the different percentages of com-
plementing clones in the four libraries (Table 1)? Based on the
model presented in Figure 8, we can offer the following (specu-
lative) explanation. Insertion of a four-residue hinge loop in EcCM
is insufficient to form a higher-order oligomeric structure. Either
the loop is too short to span the distance between domains, or it is
insufficient to form a stable core in the center of the complex. As
aresult, active variants are forced to adopt the unstable monomeric
topology. The short loop is not ideal for this purpose, yielding a
relatively low percentage of active clones. In contrast, five- (and
perhaps six-) residue loops are able to form stable oligomeric
structures (Fig. 8C). However, complexation results in structural
perturbations that render the protein less active. Extremely few
variants have sequences appropriate for the formation of a cata-

lytically competent complex. In addition, assembly of this com-
plex may be inefficient in the cell, resulting in a very low percentage
of complementing clones. When the loop is extended to seven
residues, it becomes too long to fold into a compact core in the
center of the complex. As a result, the protein is forced to adopt the
less stable, but more active, monomeric topology. Since it is not
constrained by short loop length, a high percentage of clones are
able to complement the CM deficiency.

The marginal stability of L4-1 and L7-1 is particularly interest-
ing in the context of a closely related experiment with MjCM (a
thermostable homolog of EcCM). We have recently reported the
design of a monomeric variant of MjCM, which contains an eight-
residue hinge loop in the middle of helix HI (MacBeath et al.,
1998b). This monomer is much better behaved than both L4-1 and
L7-1. Denaturation studies have shown, however, that it is only
stabilized by 2.7 kcal/mol (MacBeath et al., 1998b). Since EcCM
is about 5 kcal/mol less stable than MjCM (MacBeath et al.,
1998¢), it is perhaps not surprising that monomeric variants of
EcCM are so unstable. Nevertheless, we note that the wild-type
dimeric structure was not adopted by either of these clones. Like
many analogous proteins (Neet & Timm, 1994), EcCM derives
most of its stability from quaternary, rather than tertiary, structure
(MacBeath et al., 1998c). Since many of the stabilizing inter-
actions formed between its subunits are disrupted by the extension
of helix H1, the dimeric topology is no longer favored in the hinge
loop variants.

In summary, we have exploited genetic selection to explore the
role of the hinge loop in controlling the process of domain swap-
ping. By combining structure-based analysis with in vivo selec-
tion, we have altered the quaternary structure of a dimeric enzyme
while retaining considerable catalytic efficiency. The low percent-
age of complementing clones in each library indicates that rela-
tively few sequences permit a change in oligomerization state
without compromising the activity of the resulting enzyme. More-
over, the different oligomerization states obtained in this study
highlight the importance of the hinge loop length in determining
quaternary structure. Most significantly, it appears that the major
reason for the emergence of oligomers, at least in this case, is the
stability of the resulting protein. It is interesting to note that all
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other natural CMs studied to date are multimeric and our results
suggest that increasing protein stability by formation of a larger
hydrophobic core absent in the monomer may have played an
important role in the evolution of these, and perhaps other, oligo-
meric proteins.

Materials and methods

E. coli strains

General cloning was carried out in E. coli strain XL1-Blue (Strata-
gene, La Jolla, California). Genetic selection experiments were
performed using the CM-deficient E. coli strain KA12/pKIMP-
UAUC (Kast et al.,, 1996a, 1996b). The genotype of KA12 is
A(sHR-recA)306::Tnl0, A(pheA- tyrA-aroF), thi-1, endA-1, hsdR17,
AlargF lac)U169, supE44. The plasmid pKIMP-UAUC confers
chloramphenicol resistance and provides expression of genes en-
coding monofunctional forms of prephenate dehydrogenase and
prephenate dehydratase from Erwinia herbicola and Pseudomonas
aeruginosa, respectively. For biophysical and kinetic analysis, pro-
teins were produced in E. coli strain KA13 (MacBeath & Kast,
1998). This strain was constructed by site-specific integration of
ADE3 prophage into the chromosome of strain KA12 and so car-
ries an IPTG-inducible gene for T7 RNA polymerase (Studier &
Moffatt, 1986).

DNA manipulations

All nucleic acid manipulations were according to standard proce-
dures (Sambrook et al., 1989). Restriction endonucleases, T4 DNA
polymerase, and T4 DNA ligase were purchased from New England
Biolabs (Beverly, Massachusetts). Oligonucleotides were obtained
by custom synthesis from Life Technologies (Gaithersburg, Mary-
land) and purified by polyacrylamide gel electrophoresis. DNA
sequencing was performed on an Applied Biosystems 373 Auto-
mated DNA Sequencer using dye terminator nucleotides and chain
termination chemistry (Sanger et al., 1977). DNA was prepared for
sequencing using a QIAGEN Miniprep kit (Hilden, Germany).

Construction of plasmids

The construction of plasmid pKECMB-W has been described pre-
viously (MacBeath et al., 1998a). It confers ampicillin resistance
and harbors the 3'-truncated pheA gene (pheA’) of E. coli (Stewart
et al., 1990) under control of the bla promoter. The pheA’ gene
encodes the first 96 residues (CM domain) of the bifunctional
chorismate mutase-prephenate dehydratase enzyme of E. coli.

To eliminate any wild-type background from re-ligated vector
during construction of the hinge loop libraries, a plasmid was
constructed in which the 32 bp Nhel-HindIll fragment of
pKECMB-W (MacBeath et al., 1998a) was replaced by a 466 bp
Nhel-HindIll fragment of unrelated DNA. The 466 bp fragment
serves as a piece of “stuffer DNA,” intended to destroy the func-
tion of the EcCM gene. The resulting plasmid pKECMB-S2
(3,346 bp) showed no detectable complementation of the CM aux-
otrophy in KA12/pKIMP-UAUC cells, as expected.

For production of proteins on a large scale, the relevant genes
were expressed from the T7 promoter. pET-EcCM (5,652 bp) was
constructed by ligating the 288 bp Ndel-Xhol fragment from
pKECMT-W (MacBeath et al., 1998a) with the 5,364 bp Ndel-
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Xhol fragment from the T7-promoter vector pET-22b(+) (Nova-
gen, Madison, Wisconsin). We have subsequently found that many
pET vectors cause unwanted translational read-through at the TGA
stop codon (MacBeath & Kast, 1998). To circumvent the problem
of heterogeneous protein production, we have constructed pET-
22b-pATCH, a derivative of pET-22b(+) by following the protocol
outlined elsewhere (MacBeath & Kast, 1998). pET-EcCM-pATCH
(5,668 bp) was obtained in an analogous way from pET-EcCM.
pET-L4-1-pATCH (5,680 bp), pET-L5-1-pATCH (5,683 bp), and
pET-L7-1-pATCH (5,689 bp) were constructed by ligating the re-
spective 300 bp, 303 bp, and 309 bp Ndel/Xhol fragments from
pKECMB-L4-1, pKECMB-L5-1, and pKECMB-L7-1 (obtained
from libraries L4, L5, and L7) with the 5,380 bp Ndel/Xhol frag-
ment from pET-22b-pATCH.

Construction of the hinge loop libraries

The strategy for library construction is shown in Figure 3. Codons
were randomized using the scheme NNS (N = A/C/G/T, S =
G/C). Primers ECADB-S [CGCGCTGGATGAAAAATTATTAG],
ECADN-S [TGGCAGAACGGCGCGAG], and ECLs-N [CTAG
CTCGCGCCGTTCTGCCAGTAA(SNN),CGCTAATAATTTTC
ATCCAG; n = 4, 5, 6, or 7] were phosphorylated with T4 poly-
nucleotide kinase for 2 h at 37 °C (300 pmol primer, | mM ATP in
a 50 wpL reaction). Phosphorylated primers were mixed at a final
concentration of 2 uM each and annealed by boiling for 3 min,
followed by slow cooling to <25°C over | h. The annealed prim-
ers were mixed with the 2,866 bp BssHII/Nhel fragment of
pKECMB-S2 at a molar ratio of 10:1 and ligated with T4 DNA
ligase at 16 °C overnight. Following heat inactivation of the ligase
at 65°C for 5 min, the gapped DNA was filled in with T4 DNA
polymerase and 2 mM of each dNTP (4 °C, 5 min; 25°C, 5 min;
37°C, 2 h; 75°C, 10 min). The nicked DNA was ligated with T4
DNA ligase and prepared for electroporation by desalting with a
QIAquick PCR purification column (Hilden, Germany). Transfor-
mation of electrocompetent KA12/pKIMP-UAUC cells gave ~107
transformants for each library (L4: 9.3 X 10, L5: 8.8 X 10°, L6:
1.4 X 107, L7: 1.3 X 107). The transformed cells were amplified
for 16 h at 30 °C in 100 mL LB broth (Miller, 1972) supplemented
with 150 pg/mL sodium ampicillin and 35 pg/mL chloramphen-
icol and then aliquotted and frozen in 20% glycerol at —80 °C.

Selection experiments

Selection experiments were conducted using M9¢ medium (Kast
et al., 1996b), which is based on M9 minimal medium (Miller,
1972). It consisted of Na,HPO, (60 mg/mL)/KH,PO, (30 mg/
mL)/NH,4 ClI (10 mg/mL)/NaCl (5 mg/mL}/0.2% (wt/vol) D-(+)-
Gle/1T mM MgSO,4/0.1 mM CaCly/thiamin-HCl (5 pg/mL)/4-
hydroxybenzoic acid (5 ug/mL)/4-aminobenzoic acid (5 wg/mL)/
2,3-dihydroxybenzoic acid (1.6 pg/mL)/L-Trp (20 wg/mL})/
sodium ampicillin (150 wg/mL)/chloramphenicol (35 ug/mL),
pH 7.0. For Petri dishes, 15 g agar was added per liter. Where
required, M9c was supplemented with 20 ug of L-Phe and L-Tyr
per mL. For complementation tests on individual clones, well-
isolated colonies were picked from either M9c plates or LB plates
(supplemented with 150 pg/mL sodium ampicillin and 35 ug/mL
chloramphenicol) and streaked on M9c plates to yield individual
colonies. For selection experiments with the libraries, 1 mL ali-
quots of cells were thawed, washed four times with M9c, diluted
with M9c and plated in duplicate both on M9c plates and on LB
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plates supplemented with 150 wpg/mL sodium ampicillin and
35 pg/mL chloramphenicol. In all cases, plates were incubated at
30°C. Colonies on M9c plates were counted and evaluated after
6 days and then again after 12 days. Colonies on LB plates were
counted after 3 days.

Protein production, purification, and refolding

EcCM, L4-1, L5-1, and L7-1 were produced with plasmids pET-
EcCM-pATCH, pET-L4-1-pATCH, pET-L5-1-pATCH, and pET-
L7-1-pATCH, respectively. The host strain for protein production
was KA13. Cells from a single colony were grown in 500 mL LB
medium (supplemented with 150 pg/mL sodium ampicillin) at
37°C up to an ODgyy of 0.8. The cultures were cooled to room
temperature and isopropyl- 1 -thio-B-D-galactopyranoside (IPTG) was
added to a final concentration of 0.4 mM. After 16 h induction at
room temperature, the cells were harvested and resuspended in
20 mL PBS (10 mM phosphate, 160 mM NaCl, pH 7.5) supple-
mented with 100 M phenylmethylsulfonyl fluoride (PMSF) and
2 ug/mL pepstatin A and aprotinin. Following cell lysis by pas-
sage through a French press, insoluble material was separated from
soluble material by centrifugation (28,000 X g, 20 min, 4 °C).

Both EcCM and L5-1 were found entirely in the soluble fraction
(supernatant) and were purified as follows. 200 uL of PBS con-
taining 500 mM imidazole was added to the supernatant (final
concentration of 5 mM imidazole) and the solution was loaded
onto a column packed with 5 mL of Ni-NTA agarose (QIAGEN,
Hilden, Germany) that had been pre-equilibrated with PBS con-
taining 5 mM imidazole. The column was thoroughly washed with
PBS containing 30 mM imidazole and the bound protein was sub-
sequently eluted with PBS containing 250 mM imidazole.

Proteins L4-1 and L7-1 were found primarily in the insoluble
fraction following cell lysis. The proteins were dissolved in 20 mL
PBS containing 6 M urea, 5 mM imidazole, and 10 mM 2-mercapto-
ethanol and any remaining insoluble material was removed by
centrifugation, as before. The supernatant containing the solubi-
lized protein was then loaded onto a column packed with 5 mL of
Ni-NTA agarose that had been pre-equilibrated with PBS contain-
ing 6 M urea and 5 mM imidazole. The column was washed
thoroughly with PBS containing 6 M urea and 30 mM imidazole
and the bound protein was subsequently eluted with PBS contain-
ing 6 M urea and 250 mM imidazole.

Prior to refolding, EcCCM and L5-1 were denatured by the ad-
dition of 4 volumes of PBS containing 8 M guanidinium chloride
(GdmCl). Since L4-1 and L7-1 were purified under denaturing
conditions, no further treatment was necessary. All four proteins
were refolded by 20-fold dilution into PBS (final concentration <
6 uM protein). The proteins were concentrated by ultrafiltration
(Amicon stirred-cell concentrator, Millipore, Bedford, Massachu-
setts) and dialyzed extensively against PBS. Purified, refolded pro-
teins were stored in PBS supplemented with 100 uM PMSF,
2 wg/mL pepstatin A, 2 pg/mL aprotinin, and 0.02% sodium
azide. Prior to biophysical or kinetic analysis, the protease inhib-
itors, preservatives, and higher-order aggregates of the proteins
were removed by size exclusion column chromatography using a
Superose 12 (10/30) FPLC column (Amersham Pharmacia Bio-
tech, Uppsala, Sweden) with PBS as the running buffer. Protein
concentration was determined using the Pierce Micro BCA Protein
Assay Reagent (Pierce, Rockford, Illinois) with bovine serum al-
bumin as the calibration standard.
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Mass spectrometry

Proteins were prepared for mass spectrometry by desalting on a
NAP-5 column (Amersham Pharmacia Biotech, Uppsala, Sweden)
that had been pre-equilibrated in 1% aqueous acetic acid. Electro-
spray ionization mass spectrometry (ESI-MS) was performed on an
API I Perkin Elmer SCIEX triple quadrupole mass spectrometer.

Circular dichroism spectroscopy

All circular dichroism (CD) experiments were performed on an
Aviv Circular Dichroism Spectropolarimeter, Model 61DS, equipped
with a single position thermoelectric cuvette holder. CD spectra
were recorded at 20°C in PBS, with either 5 uM protein (d =
0.2 cm) or 500 nM protein (d = 1.0 cm). Spectra were obtained by
averaging three wavelength scans taken in 0.5 nm steps, with a
signal averaging time of 2 s and a bandwidth of 1.5 nm.

Analytical ultracentrifugation

Sedimentation equilibrium was performed on a temperature-
controlled Beckman XL-A analytical ultracentrifuge equipped with
an An60Ti rotor and photoelectric scanner. Data were collected on
10 uM protein samples in PBS from 3,000-17,000 rpm using
double-sector cells with charcoal-filled Epon centerpieces and sap-
phire windows. Scans were performed at the wavelengths indi-
cated in Figure 5 with a step size of 0.001 cm and 30-50 averages.
Samples were allowed to equilibrate over 24-36 h and duplicate
scans 3 h apart were overlaid to determine if equilibrium had been
reached. The partial specific volume of each protein was calculated
based on its amino acid compositions using the program Sednterp
(Laue et al., 1992). The data were analyzed by a nonlinear least-
squares method using the ORIGIN software provided by Beckman.
The data were then fitted to two classes of models. First, the data
were fitted to a single ideal species model using Equation 1,

A, = exp[In(4,) + (M(1 — #p)0?/2RT)-(x* —x)]+E (1)

where A, is the absorbance at radius x, Ag is the absorbance at a
reference radius xq (the meniscus), M is the molecular weight of
the single species, v is the partial specific volume of the protein, p
is the density of the solvent, w is the angular velocity of the rotor,
R is the gas constant, T is the absolute temperature, and E is a
baseline error correction factor. The data were then fitted to a
self-associating system of monomer to n-mer equilibria using Equa-
tion 2,

A, = exp[In(4,) + (M(1 = #p)w*/2RT)-(x* — x3)]
+ > (exp[nIn(4,) + In(K, )
+n(M(1 — 9p)w?*/2RT)-(*> =)D+ E (2)

where K, , is the association constant for the formation of n-mer
from monomers, and M is the monomeric molecular weight. A
series of models was tested to examine various possibilities and the
best fit was determined based on the randomness and the magni-
tude of the residuals.
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Kinetics

All kinetic measurements were performed at 20 °C in PBS supple-
mented with 0.1 mg/mL of bovine serum albumin (to stabilize the
enzymes at low concentrations). Initial rates were determined by
monitoring the disappearance of chorismate spectrophotometri-
cally at 274 nm (€274nm = 2,630 M™! cm™!) using a Cary 3 Bio
UV-Visible Spectrophotometer equipped with a thermoelectric cu-
vette holder. All initial rates were corrected for the corresponding
temperature-specific background reaction. Kinetic parameters k.,
and K,,, were calculated from the initial rates as described (Gorisch,
1978), using 20 nM EcCM, 100 nM L4-1, 400 nM L5-1, or 50 nM
L7-1. To study the dependence of activity on protein concentration,
the variants were assayed with ~60 uM chorismate and k.../K,,
calculated directly from the initial rates ([chorismate] < K,,).
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