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ABSTRACT. A circular permutein of sperm whale myoglobin in which the G helix is C-terminal, the H
helix is N-terminal, and 16 amino acids link the H helix to the A helix has been expresgediierichia

coli. The permutein sequence begins with Gly121 (using the numbering scheme for the wild-type protein)
and terminates with Pro120. The ligand binding function of the permutein was assayed using stopped-
flow methods and shown to be essentially identical to that of the wild-type protein. In addition, one- and
two-dimensional NMR studies of the cyanomet isoform of the permutein show a nativelike structure with
a heme binding pocket very similar to that of the wild-type myoglobin. Although the structure and function
of the permutein resemble those of the wild-type myoglobin, the permutein is less stable to chemical
denaturation by 5.2 kcal/mol.

An understanding of the principles that determine protein in the design of proteins that will fold efficiently. Isotope
folding and stability is fundamentally important to the exchange experiment$Z, 13) and perturbation analysi&4,
rational design of proteins with novel functional properties. 15) have been used to elucidate the structures of folding
Much protein design research has been directed towardintermediates and transition state structures. Recently, “cir-
achieving greater stability in proteind=7); however, in cular permutation” has been used to create proteins with
many cases, the desired protein activity is not correlated with topological mutations, and thereby to identify the so-called
the greatest thermal or chemical stabili8),(so stability and “folding elements” within a protein 16—18). A folding
activity must be balanced when designing a novel protein. element is defined as that part of a protein sequence that
An understanding of the effects of topological mutations must remain intact for the protein to fold properly. A
(e.g., the rearrangement of the sequence of secondarypermutein” contains the same sequence elements of the
structural elements in a protein) on protein structure, stability, parent protein, but these elements are arranged in an altered
and activity will enhance the work of protein researchers order (Figure 1). In a “circular permutein”, the connections
who must strike this balance when designing the therapeuticspetween sequence elements are altered in two places
(9-11), diagnostics, and process catalysts of the future. In compared to the parent protein. (1) There is a new peptide
addition, protein folding is an important concern, since |inker covalently connecting the wild-type termini, and (2)
designed proteins must fold to the desired active structures.inere is an “amide cleavage” to create the new permuted
A b_etter understanding_of the factor_s that influence pro_tein termini. To define systematically the folding elements of a
folding could not only improve designs of novel proteins yrotein, one can generate all possible permuteins in a directed
but also aid the development of accurate methods for thet;5nion (L8), or use random cloning methods to generate a

prediction of functional structures from protein primary library of all possible permuted sequencés, (19, 20).
sequence.

A detailed understanding of the sequence of events in a
protein folding pathway will contribute to greater success

We are probing the relationship between protein topology
and folding using circular permuteins of sperm whale
myoglobin (swMb)! Four considerations make swMb an
R excellent model system for this work. First, swMb is a small
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3 GDFGADAQGAMNKALELFRKDIAAKYKELGYQGSGGGSGGGSG
GGSGGGVLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPE
TLEKFDRFKHLKTEAEMKASEDLKKHGVTVLTALGAILKKKGHH
EAELKPLAQSHATKHKIPIKYLEFISEAITHVLHSRHP

Ficure 1: (A) Backbone rendering of wild-type swMb (left) and a schematic drawing of HGL16 permutein (right). The N- and C-terminal
helices are shown as dark ribbons. Note that the order of the amino acids in the permutein linker is reversed to reflecCtheridinal
orientation of the linker, as shown in the figure. (B) Primary sequence of HGL16. The 16 amino acids in the linker are shown in italics.

Scheme 1: Construction of the swMb Tandem Gene

established in the case of heme pocket mutatiGds 86), Template

and the permutation of human alpha globins has been
reported recently 37). Fourth, the folding pathway of Pstl Kpnl

apomyoglobin has been extensively studied (seeli&f&8, [ swMbgene |

31, 32, and 38—40 and references therein). The alteration

of topology has been shown to affect protein folding kinetics Replace Kpnl Replace Psil
(41, 42); thus, permuteins of swMb would be useful for with BstXT with Spel

improving our understanding of the folding mechanism of

this protein and testing predictions for early folding events
(43). Pstl BstX1
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EXPERIMENTAL PROCEDURES

General.The following commercially available strains of
E. coli were used for cloning and expression experiments:
DHb5a, XL1-blue, and BL21(DE3). Enzymes were purchased
from New England Biolabs. The gene for sperm whale

myoglobin in pUCL9, originally described by Springer and aTwo copies of the swMb gene were amplified from the wild-type
SI!gar 1), was provided by,‘]' Olson. Synthetic oligonucle- gene and then ligated in-frame with the linker sequence (solid rectangle)
otides were ordered from Sigma-Genosys (The Woodlands,q yield the tandem gene.

TX). Dideoxy sequencing was performed at Thetagen Inc.

(Bothell, WA) or Davis Sequencing LLC (Davis, CA). R. Johnson (Immunex Corp.). Protein concentrations were
Protein sequence analysis was performed by the laboratorycalculated at pH 7.0 using the following extinction coef-
of R. Paxton (Immunex Corp., Seattle, WA), and protein ficients: e4;53= 128 mM cm* andesgo= 36.6 mM1cmt

mass spectral analysis was performed by the laboratory offor oxymyoglobins andess = 109.7 mM?® cm? for
cyanometmyoglobins4d).

! Abbreviations: swMb, recombinant sperm whale myoglobin; Construction of the Tandem swMb Gene Template
HGL16, circularly permuted myoglobin that begins with Gly121 and construction of the tandem swMb gene is illustrated in

has 16 amino acids connecting the original N- and C-termini; CD, - -
circular dichroism; NMR, nuclear magnetic resonance; SUPERWEFT, Scheme 1. The swMb gene described by Springer and

super-water elimination Fourier transform spectroscopy; NOESY, Sligar was amplified by primer extension using two sets of
nuclear Overhauser effect spectroscopy; COSY, correlation spectros-primers. The first set (SCCAAGCTTGCATGCCTGCAG-

copy; TPPI, time-proportional phase incrementati§gs, equilibrium 3 and 3-GGTACCTCCATCCATAACCCTGGTAACCC-

association constant for CO bindingo,, equilibrium association , .
constant for @ binding; AG°w.,0, free eriergy of unfolding at zero 3) yielded a dsDNA fragment that encodes a swMb

denaturant concentratiom,, dependence of the free energy of unfolding gene sequence with & Bsi site and a 3BsiXI site. The
on denaturant concentratio@n, concentration of denaturant at the  second set (BATGGCAACTAGTTCTGCATGTTTGGG-

midpoint of the unfolding transition; IPTG, isopropyl thiogalactoside; _ _ ;
SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro- 3 and 3-GAGCTCGGTACCCATTAACCC-3 yielded

phoresis; IMAC, immobilized metal affinity chromatography; HPSEC, a_dsDNA fragment that enCOdeS_a swMb gene sequence
high-pressure size exclusion chromatography. with a 5 Spe site and a 3Kpnl site. These DNA frag-

Pstl BstXI  Spel
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ments were restricted witBsiXl and Spe, respectively.

Fishburn et al.

were concentrated (Amicon Centricon YM-10 concentrators)

A synthetic dsDNA cassette encoding the sequence until the total volume was approximately 36@800uL, and

Gly(SerGlyGlyGly)ValLeuSerGIluGlyGluTrpGIinLeu was
constructed from the following complementary oligo-
nucleotides: SCTGGTGGTGGTTCTGGTGGTGGTTCTG-
GTGGTGGTTCTGGTGGTGGTGTTTTGTCT-
GAGGGTGAGTGGCAA-3 and 3-CTAGTTGCCACT-
CACCCTCAGACAAAACACCACCACCAGAACC-
ACCACCAGAACCACCACCAGAACCACCACCAGAACC-3
The cassette contains aBsiX| site and a 3Spé site, and

100-300 uL was then injected onto an HPSEC column
(Amersham Pharmacia Biotech Superdex 75 HR 10/30)
attached to an HPLC system (Varian ProStar) and equili-
brated with 20 mM Tris-HCI and 150 mM NaCl (pH 8.0).
The absorbance at 280 nm was monitored, and fractions
corresponding to peaks at this absorbance as well as peaks
at 418 nm were collected. Pooled fractions were concentrated
as described above to a final myoglobin concentration of

encodes the 16 amino acids in the linker as well as the approximately 0.5 mM. All proteins were determined to be

C-terminal Gly from the upstream copy of the swMb gene
and the 10 N-terminal amino acids from the downstream
copy of the swMb gene. The linker and the two restricted

gene fragments were ligated together. The resulting ligation

mixture was amplified using the primers GCAAGCTTG-
CATGCCTGCAG-3and 3-GAGCTCGGTACCCATTAAC-

greater than 95% homogeneous by SIPRAGE. Protein
masses were confirmed by mass spectral analysis (MALDI-
TOF) of the purified proteins and their tryptic fragments.
Determination of Ligand Binding Kinetic Constants.
Ligand binding kinetics were determined in the laboratory
of J. Olson using a Gibson-Dionex stopped-flow apparatus

CC-3 to yield the desired tandem gene fragment. The tandemequipped with an OLIS model 3820 data collection system

gene fragment was restricted wist andKpnl and ligated

as described by Rohlfs et al3g). Protein solutions were

into pUC19. The sequence of the tandem construct wasmade up in degassed 0.1 M potassium phosphate and 0.3

verified by dideoxy sequencing.

Construction of the HGL16 Gend&.he gene encoding
the HGL16 permutein of swMb was amplified from the
swMb tandem gene template using the following primers:
5'-CATGCCATGGGTGACTTCGGTGCTACGCT-*3and
5'-ATAACTGCAGTCATCATGGATGTCTAGAAT-
GCAGAACAT-3'. The resulting dsDNA fragment was gel-
purified, restricted withNcd and Pst, and ligated into

pTrc99a (Amersham Pharmacia Biotech). The ligated plas-

mid was transformed int&. coli strain DH%x. Transformed
cells were grown on LB/ampicillin (5@g/mL) agar plates

mM EDTA (pH 7.0) to a concentration of &M. For
association rate experiments, deoxy-Mb was mixed with CO-
or Ox-saturated buffers under pseudo-first-order conditions
at 20°C. Dissociation reactions were carried out by mixing
the ligand-bound complex with a solution of a displacing
ligand. For Q off-rate determinations, the displacing ligand
was CO, and for the CO off-rate determinations, the
displacing ligand was NO. Association rates were also
measured by laser flash photolysis using stoppered cuvettes
with known concentrations of the ligand. Kinetic constants
were calculated from data collected at three to five different

overnight, and candidate clones were screened by restrictionligand concentrations.
analysis to confirm the presence of the permutein gene. The Chemical Denaturation Studie€hemical denaturation
HGL16 gene sequence was confirmed by dideoxy sequenc-studies were carried out at 28 using freshly prepared urea

ing.

Protein Expression and PurificationAll recombinant
proteins were expressed L L shake flask cultures at 37
°C. TheE. coli strains containing wild-type and permuted
swMb genes were grown in LB with 50g/mL ampicillin
until mid-log phase (ORo = 0.4—0.6) and then induced
with 0.1 mM IPTG. Wild-type swMb cultures were incubated
for 16 h postinduction and then harvested by centrifugation.
Cultures of HGL16 were incubated for-% h postinduction

(USB, ultrapure grade) in 10 mM potassium phosphate and
100 mM KCI (pH 7.5). The concentration of urea was
determined by the refractive inde&H). A concentrated stock
solution of the purified holoprotein was oxidized to the
aquomet isoform with 1.1 heme equivalents of potassium
ferricyanide immediately prior to dilution of the stock with
buffer containing urea. U¥vis measurements at 409 nm
were taken using a Hewlett-Packard 8453 -t\s spec-
trometer with masked 1 cm path length cuvettes. CD was

and then harvested by centrifugation. The harvested cellsmeasured at 222 nm using an OLIS DSM-10 CD spectrom-

(3—5 mL) were resuspended in approximately 25 mL of lysis
buffer [50 mM Tris-HCIl and 17 mM NacCl (pH 8.5)] and

eter and circular 1 mm path length cuvettes. A typical
experiment included 1520 samples (23 uM protein for

then lysed by sonication (90 s). The crude cell lysate was visible measurements and-B M protein for CD measure-

then centrifuged at 210@Cfor 20 min, and the supernatant
was retained. The pH of the supernatant was adjusted to 8.0

ments) with varying concentrations of urea in a total volume
of 400 uL. For denaturation experiments, the protein solu-

8.5, and zinc acetate was added to a final concentration of 2tions for each sample in a data set were made up using

mM. The lysate was centrifuged at 40@0f@r 20 min and
then filtered through a 0.4&m filter. The filtered lysate was
then loaded onto a column packed with 3 mL of IMAC resin

gastight syringes and allowed to equilibrate at°’25for at
least 16 h before the absorbance at 409 nm, or the CD signal
at 222 nm, was recorded. Curves that describe a two-state

(Amersham Pharmacia Biotech Chelating Sepharose Fastunfolding transition were fit to independent sets of denatur-
Flow) charged with zinc acetate. The column was washed ation data (obtained from CD experiments) by the method

with buffer as follows: 24 mL of 20 mM Tris-HCI and 0.5
M NaCl (pH 8.5), then 24 mL of 250 mM Tris-HCI (pH
8.5), and finally 24 mL of 20 mM Tris-HCI (pH 8.5). The
protein was then eluted from the column with 20 mM Tris-
HCl and 15 mM EDTA (pH 8.5). The eluant was collected
in 1 mL fractions, and those fractions containing significant
absorbance at 418 nm were pooled. IMAC-purified proteins

of Santoro and Bolend@). The values 0fAG°,0 and my
reported in Table 2 are averages of three or four independent
denaturation experiments. The value€gfreported in Table
2 were obtained by taking the first derivative of the fitted
curves.

Refolding curves were obtained by dilution of the fully
unfolded protein into buffer with a lower denaturant con-
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Table 1: Ligand Binding Kinetic Data for Wild-Type and Permuted 1 2 3 4 5 6 kDa
Myoglobing - e
parameter HGL16 swMb —_—
COpn (x10°8M~157Y) 0.63 0.50 (0.50) = = 66
COutr (s7Y) 0.017 .021 (0.018) =
Keo (x1078 M) 37 24 (28) : 45
Ozon(x1076M~1s7) 18 16 (16) w——
Ozt (57 15 18 (17) 31
Ko, (x107¢M~1) 1.2 0.89 (0.9) p— ——

2 Protein samples in 100 mM phosphate buffer (pH 7.0) at@0
Numbers in parentheses are the kinetic constants for wild-type P-4
myoglobin reported in re85. — 22

Table 2: Stability Parameters for Wild-Type and Permuted i 14
Myoglobins at 25°C and pH 7.5
parameter HGL16 swMb i
AGO;égl(l::glr/{n,\?Ql 1'12355(150 11 Ezl'gil'g 23 FiIGURE 2: HGL16 is purified to>95% homogeneity by a two-
gb ((M urea) ) 419+ 0.05 6.90L 0.06 column procedure. A Coomassie-stained 15% SPBGE gel is

shown: lane 1, induced HGL16 cell culture; lane 2, IMAC-purified
HGL16; lane 3, 2ug of HPSEC-purified HGL16; lane 4, 10y of
centration. Oxidized protein was prepared as described above!PSEC-purified HGL16; lane 5, HPSEC-purified recombinant
and added to concentrated urea to a final denaturantSWMb’ and lane 6, protein molecular mass markers.
concentration of approximatel® M urea. These solutions RESULTS
were allowed to equilibrate at 25C for 16—-24 h. The
unfolded protein in denaturant was then diluted into buffer  Expression.Wild-type and permuted myoglobins were
to a final volume of 40Q:L and a final protein concentration — expressed in either DH5 XL1-blue, or BL21(DE3)E. coli
of approximately 5uM. The diluted samples were allowed cells. Yields of the purified permutein range from 0.6 to 1.2
to equilibrate for 16-24 h, and absorbance at 409 nm, or mg/L of shake flask culture. Western blot analysis (not
CD at 222 nm, was measured as described above. shown) showed that the HGL16 protein was optimally
Nuclear Magnetic Resonance Studiesotein samples for  expressé 4 h postinduction in all three strains.
NMR studies were converted to the paramagnetic cyanomet Purification. The recombinant myoglobins were purified
isoform by addition of 1.2 heme equivalents of potassium using an efficient two-column protocol te95% homogene-
ferricyanide and 1.7 heme equivalents of potassium cyanide.ity as judged by SDSPAGE (Figure 2). The electrophoretic
The cyanomet proteins were then injected onto an HPSECmobility of HGL16 is slightly retarded compared to that of
column (Amersham Pharmacia Biotech Superdex 75 HR 10/ wild-type swMb due to the addition of the 16-amino acid
30) attached to an HPLC system (Varian ProStar) and linker. HGL16 and wild-type swMb coelute by HPSEC over
equilibrated with 20 mM potassium phosphate (pH 7.5). The a concentration range of%00uM (not shown), indicating
buffer-exchanged proteins were concentrated (Amicon Cen-that the folded permutein is monomeric. Amino acid
tricon YM-10 concentrators) until the total volume was sequencing and mass spectrometry of purified HGL16 (and
approximately 408-500uL, and D,O was added. The final its tryptic fragments) confirmed the expected mass of the
concentrations of the NMR samples were estimated, by permutein as well as the location of the H helix and the linker
optical measurement at 423 nm, to be 0.29 mM (with 30% (Figure 1). In addition, we found that the N-terminal Met
D,0) for the wild-type swMb and 0.30 mM for the HGL16 residue had been removed. The post-translational cleavage
permutein (with 10% BO). The wild-type swMb sample  of an N-terminal Met that is followed by Ala or Gly is known
appeared to have a larger amount of the reversed hemefor the expression of globins i&. coli (57, 58).
insertion isomer47) than the HGL16 sample (this phenom- Ligand Binding.Association and dissociation rates for the
enon will be addressed in a later study); thus, it has an binding of carbon monoxide or oxygen to HGL16 display
apparent lower concentration than the HGL16 permutein. single-exponential decay (Figure 3), and are not significantly
NMR spectra were acquired on a Bruker AMX-400 different from those for the wild-type protein (Table 1). The
spectrometer, using a dedicated 5 mm proton probe. SU-permutein HGL16 appears to have a slightly higher affinity
PERWEFT data were collected as described previoddy ( for these ligands than wild-type swMb. The similarity in
employing short delays to saturate the longer relaxing functional properties suggests that the structures of the two
resonances. To assign the proton chemical shifts, phaseproteins are also similar.
sensitive NOESY49) with TPPI 60) and magnitude-COSY Structure. The far-UV CD spectrum of HGL16 shows
(52) spectra were recorded, and then compared to previousstronga-helical character, and the near-UV CD spectra of
assigned resonances for the cyanomet form of native swMbHGL16 and wild-type myoglobin show similar shape and
(52). Data were processed using either SwaN-NsR, 64) fine structure (not shown). Further evidence that the per-
or nmrPipe §5). Two-dimensional spectra were zero-filled mutein appears to fold with nativelike structure is provided
in both dimensions to give 2048 2048 real matrices, and by one- and two-dimensional NMR analyses.
polynomial baseline corrections were applied as needed. 'H NMR spectroscopy of a paramagnetic heme protein’s
Two-dimensional spectra were analyzed and plotted usinghyperfine-shifted resonances is an exquisitely sensitive probe
nmrView (56). of structural changes in the vicinity of the heme. For
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0.30 (Figure 4). Most heme resonances have almost no differences
0.25. in chemical shifts, with the exception that 1-¢$hifts~0.26
A ppm upfield, while the 2-ld experiences an-0.08 ppm
0.20+ downfield shift (both of these are from the same heme
© 015 pyrrole). Interestingly, this last resonance is the sole hyper-
) fine-shifted resonance to exhibit a significant shift away from
<E" 0.10+ its diamagnetic position on going from wild-type swMb to
0.054 HGL16.
0.00. Stability. The urea denaturation isotherms of wild-type
' . , . ‘ . . ' swMb obtained by monitoring heme absorbance (a measure
0.00 005 0.10 0.5 020 025 0.30 of myoglobin tertiary structure) or CD (a measure of
0.20 - secondary structure) are superimposable (Figure 7A), indicat-
ing that the unfolding of the protein is cooperative and very
0154 B likely two-state. The overlap of the corresponding isotherms
obtained with HGL16 is good in the pretransition region and
o through the first half of the unfolding transition. In the latter
g 0-107 portion of the unfolding transition, the isotherms diverge.
<: We believe this divergence is an artifact that is the result of
0.05+ nonspecific binding of heme to denatured permutein, as has
been described by Hargrove and Ols@0)(during the
0.00- chemical denaturation of destabilized myoglobin mutants.
: : : : : : : Nonspecific heme binding would give rise to increased values
0 50 100 150 200 250 300 for heme absorbance as the concentration of denatured
Seconds permutein increases during the unfolding transition (at

FicURe 3: Stopped-flow ligand binding data show the single- concentrations of urea that are insufficiently high to disrupt

exponential decay. (A) CO binding to HGL16. (B) CO dissociation the non_specific binding of the heme_to the denatured
from HGL16. Data points are shown with the symbo] and a permutein). The unfolding of HGL16 in urea therefore
solid line shows the best fit curves for single-exponential decay. appears to be cooperative and two-state (Figure 7). Super-

Kinetic constants and comparisons to the wild-type protein are given imposable isotherms are obtained for the unfolding of native
in Table 1. HGL16 permutein, and for the refolding of denatured
permutein, demonstrating that the unfolding of HGL16 is
. ; : . reversible under the conditions of the denaturation experi-
very h'g.h degree of resolution, resulltlng fr.om relatlve_ly ments. Curves describing a theoretical two-state unfolding
narrow line vwdths and a reasonablle dlsp.ersmn of chemical transition fit very well to the denaturation data (Figure 7C).
shifts 59). Figure 4 shows one-dimensional (1D) NMR 10 giapility parameters obtained by curve fitting are shown
fpectra”for both wild-type swMb and HGL16, both as i, apje 2 The unfolding transition for HGL16 is highly
normal” acquisitions and as SUPERWEFA§| experi-  o,qherative with a value ofy that is not significantly
ments, which provide reduced relative intensities for peaks jittarent from that of the wild-type protein; however, relative

that have longer relaxation times, showing that they are to wild-type swMb, HGL16 appears to be destabilized by
farther from the paramagnetic center. These spectra dem-5_2 kcal/mol.

onstrate a remarkable degree of chemical shift similarity

between the cyanomet forms of HGL16 and wild-type swMb pscuUssION

in the vicinity of the heme pocket, with nearly identical heme

chemical shifts, and only mildly perturbed chemical shifts ~ The major conclusion drawn from published reports
for the indicated amino acids that are close enough to thedescribing the circular permutation of several proteins is that
heme iron to be shifted into these regions. Other compelling the folded, functional tertiary structure of a protein is not
evidence for the similarity of the heme pocket structures is necessarily determined by tloeder of secondary structural
found in the patterns of NOEs from the hyperfine shift- elements in the proteirlg, 41, 42, 60—62) [however, this
resolved resonances, shown by the comparisons in Figuresnay be a general property observed only for proteins with a
5 and 6 for the downfield and upfield peak NOE patterns, stability of greater than roughly 7 kcal/md@3)]. Likewise,
respectively. These spectra provide direct evidence for suchour data show that the order of the helices in the primary
similarity between the proteins because they present bothsequence of sperm whale myoglobin can be changed and a
chemical shifts and protefrproton distance relationships. stable, functional protein can be recovered.

The most immediately obvious difference between the The isolated yields of purified HGL16 permutein from
NMR data of the two proteins is the0.85 ppm downfield shake flask cultures (0-6L.2 mg/L) are substantially lower
shift in lle FG5 G/H on going from wild-type swMb to  than the yields of purified wild-type swMb obtained under
HGL16 (Figure 4). Also, there are0.96 and~0.28 ppm similar fermentation conditions. Hargrove et &5) have
upfield shifts in His F8 €H and Phe CD1 CH, respectively. reported that expression yields of myoglobin point mutants
Other notable highly shifted resonances from the heme are correlated to the stability of the mutant against chemical
pocket residues, His E7dM and His F8 MH, show very denaturation; thus, the reduced expression yields of HGL16
littte chemical shift change~0 and ~0.09 ppm upfield, relative to wild-type swMb suggest that HGL16 is a less
respectively) on going from wild-type swMb to HGL16 stable myoglobin variant. Western blot analysis of protein

myoglobins and hemoglobins, the cyanomet form offers a
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Ficure 4. One-dimensionalH NMR hyperfine shift-resolved regions of spectra of HGL16 and wild-type swMb. (A) Standard spectrum
of HGL16. (B) SUPERWEFT spectrum of HGL16. (C) Standard spectrum of wild-type swMb. (D) SUPERWEFT spectrum of wild-type
swMb. A few key resonance assignments are provided. Note that the SUPERWEFT spectra provide for reduced intensities for the slower-
relaxing resonances, which are those that are farthest from the paramagnetic iron center. The “standard spectra” were acqGiied at 30
1H,0 at pH 7.5 (see Experimental Procedures), with ad@fkservation pulse and anl.5 s low-power solvent saturation pulse, giving a
total recycle time of-1.6 s for each of the 128 scans. The SUPERWEFT spectra were acquired with an 80 ms low-power solvent presaturation

pulse and a 50 ms delay between the°180Ise and the F0observation pulse, giving a total recycle time~ef40 ms for each of the 128
scans.

expression as a function of time (data not shown) provides conformation that is very close to that found in wild-type
more direct evidence for the decreased stability of the HGL16 swMb. The nearly identical heme chemical shifts indicate
permutein relative to wild-type swMb. The permutein shows that the unpaired spin density must be highly similar for these
the greatest accumulation—% h postinduction. The con-  two proteins. This likewise is evidence that the proximal His
centration of permutein decreases aféeh until it is not F8 ring is at approximately the same angle, relative to the
detectable 19 h postinduction. This is in sharp contrast to heme N-Fe—N axes, for the two proteins. The similarity
the wild-type protein, which shows increasing accumulation of NOE intensities between the 5-@Gldnd each of the two
through 19 h postinduction. 6H, resonances indicates that at least this propionate is in
The effects of permutation on ligand binding are slight approximately the same orientation; thus, the salt bridge to
(Table 1), and the permutein appears to adopt a well-defined,Arg CD3 is most likely intact. The differences in chemical
nativelike folded structure (Figure 4). The data in Table 1 shifts for the 3-CH and 2H, might arise from a slightly
show that CO and ©binding to the HGL16 permutant are  perturbed angle of the 2-vinyl, relative to the heme plane;
minimally perturbed compared to wild-type swMb, and that however, the similarity between the 2IMOE patterns for
HGL16 binds both ligands with slightly increased affinity. the two proteins dictates that such a difference would be
This observation is also supported by autoxidation data. slight. Further experiments would be needed to establish such
Ferrous oxy-HGL16 autoxidizes more slowly than does wild- a subtle structural and/or dynamical difference. The differ-
type myoglobin (A. V. Lissounov and S. J. Anthony-Cabhill, ences in heme pocket residue chemical shifts are most notable
unpublished observation). The rate of autoxidation in myo- for residues FG5 (proximal) and CD1 (distal). These chemi-
globin has been shown to be inversely proportional to the cal shift differences may point toward a small change in the
equilibrium dissociation constant for ligand bindirggl). The Fe—CN ligand tilt between HGL-16 and wild-type swMb
modest changes in ligand binding behavior suggest that the(65), although a much more detailed analysis, based upon a
heme pocket adopts a conformation that is very close to thelarge set of assigned amino acid resonances, would be
wild-type conformation. required to establish this with a high degree of certainty.
The 'H NMR data presented in Figures-6 give direct Likewise, it is possible that these changes could arise from
evidence that the heme pocket does, in fact, adopt aother small perturbations in the structure of the heme pocket.
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Ficure 5: Downfield regions of 2D NOESY spectra of HGL16 and wild-type swMb: HGL16-@ and wild-type swMb (B-F). A few

key cross-peak identities are provided. Note the overall correspondence of panels A and D, B and E, and C and F, showing that the NOE
(distance-dependent) contacts are virtually identical in these two proteins. The spectra were recorded at 30 at pH 7.5 (see
Experimental Procedures), with a 100 ms mixing time, a 1.5 s low-power solvent saturation pulse, and 128 scans per free induction decay,
as two identical 1024 512 data sets that were summed after processing.

Also as seen in Figure 4, the region between 9 and 12 ppmkcal/mol for thea-spectrin SH3 domair4) to 57 kcal/
has several resonances that are in nearly the same placanol for RNase T142). TheAAG°y,c of 5.2 kcal/mol (Table
Many of these are labile, and so must arise from amino acid 2) we observe for HGL16 is within the range of values
residues. This is further evidence for a largely conserved reported for other circular permuteins. It should be noted
heme pocket structure. In summary, the NMR data show thatthat the 21 A distance between the N- and C-termini observed
the heme pocket structures in these two proteins are notin the X-ray crystal structure6g) of swMb is one of the
identical, but they are certainly very similar. largest distances spanned by a linker in a circular permutein.
Whereas the ligand binding function and structure of the We chose a very long linker to span this distance to ensure
permutein closely resemble those of wild-type swMb, the minimal perturbation of any structure that might be required
stabilities of the permuted and wild-type myoglobins are for proper folding of the permutein at the ends of the A and
significantly different. With few exceptions, circular per- H helices.
muteins show stabilities that are reduced compared to those It is tempting to speculate that a long flexible linker
of the parent proteins. Reported values MAG°4,0 for composed of serine and glycine residues would destabilize
unfolding [i.e., AG°n,o(wild type) — AG°n,o(permutein)] the permutein relative to wild-type swMb due to entropic
range from 1 kcal/mol for T4 lysozymeé{) and 1.4-1.8 stabilization of the unfolded state relative to the folded state
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Ficure 6: Upfield regions of 2D NOESY spectra of HGL16 (A , . , . : . : . :
and B) and wild-type swMb (C and D). A few key cross-peaks, 0 2 4 6 8
for residue lle FG5, are indicated. Note the overall correspondence
of panels A and C, and B and D, showing that the NOE (distance- i C

dependent) contacts in this region are very similar in these two
proteins. The spectra were acquired as indicated in the legend of
Figure 5.

04

-5
(2). For circular permutants of dihydrofolate reductase, it N
has been shown that the length of the flexible peptide linking g -104
the original termini can significantly affect the stability of + ]
the permutein§7). To assess the effects of linker length on 154
the stability of the HGL16 permutein, we have purified o
permuteins that have-912 flexible amino acids (i.e., Gly 'g 207
and Ser) in the linker. On the basis of preliminary unfolding l
data, there are no significant difference\G°n,0 between 257

ga

N
any of these permuteins (J. R. Keeffe and S. J. Anthony- ]
Cabhill, unpublished observation). If we consider the linker -0
in the permutein to be analogous to a loop, this observation 5 i 2 " A " : " A

is consistent with a report that the destabilizing effect
associated with flexible loops is linearly correlated with [urea] M
increasing loop length between two and ten residues, and —

; ; FIGURE 7: Chemical denaturation isotherms of wild-type swMb
then plateaus6g). We have also isolated a permutein that and HGL16 permutein. (A) Normalized CD signal at 222 nm for

has five amino acids in the linker. This permutein appears symp (©) and HGL16 &) and normalized heme absorbance at
to bind heme; however, it is significantly destabilized 409 nm for swMb M) and HGL16 ®). The divergence of the

compared to the other permuteins we have generated (V. Jisotherms for HGL16 is an artifact of nonspecific heme binding
Terrill and S. J. Anthony-Cahill, unpublished observation), (s€e the text). (B) Normalized CD signal at 222 nm for the unfolding

: : : (m) and refolding ©) of HGL16. (C) CD signal at 222 nm for the
suggesting that the optimum linker length may be between unfolding of HGL16 (, same data set as that shown in panel A)

five and nine residues. showing the fit of a theoretical two-state unfolding curve) (

The work described herein shows that sperm whale
myoglobin can tolerate topological mutation. This is a can bind two beta globins to form a functional hemoglobin
significant finding for two reasons. First, a thorough under- molecule) has been describelr). Second, the apo forms
standing of the topological constraints of the globin fold of circularly permuted myoglobins will be useful in future
could lead to the design of recombinant human hemoglobinsstudies of the effects of topology on folding kinetics (the
with altered topology, or a single-chain hemoglobin, with apo form of HGL16 appears to fold stably at 25; A. V.
improved therapeutic propertie6%—72). In fact, the suc- Lissounov and S. J. Anthony-Cabhill, unpublished observa-
cessful permutation of a single-chain dialpha globin (which tion).
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An interesting feature of apomyoglobin folding is the
formation of an early intermediate composed of amino acids
primarily in the A, G, and H helices1@). This folding
intermediate bears strong structural similarity to the acid-

stabilized “molten globule” state of apomyoglob2g}. The 6.

fast phase of apomyoglobin folding, in which the denatured
protein collapses to the early folding intermediate, is associ-
ated with the formation of helical structure in parts of the

A, G, and H helices. We will be particularly interested in 8

the characterization of the folding kinetics of circularly
permuted apomyoglobins in which the positions of these g
three helices are shifted relative to the protein termini. The
HGL16 permutein shifts the H helix to the N-terminus, but

the A, G, and H helices are still positioned at the protein

termini in a manner that is comparable to the arrangement 10.

of these helices in the wild-type protein (i.e., in HGL16, the
H and A helices are N-terminal and the G helix is C-terminal,
whereas in wild-type swMb, the A helix is N-terminal and
the G and H helices are C-terminal). If the folding of apo-
HGL16 also involves rapid collapse of the A, G, and H
helices, the entropic cost (or benefit) of that collapse may
be similar to that of wild-type apomyoglobin since the

majority of the protein sequence is constrained between these 12.

terminal helices in both caseg3). In contrast, a permutein

that positions these three helices in the center of the protein 13
sequence would not constrain the apoprotein termini during
a rapid hydrophobic collapse involving the A, G, and H
helices. To improve our understanding of protein design and
structure prediction, it would be informative to identify the
early folding elements in a protein and determine how the
placement of these elements within the protein primary
sequence affects folding rates, or more generally, the folding
pathway. Permuteins of myoglobin, including the one
described herein, should allow us to address these funda-
mental questions in protein folding, stability, and design in
a well-characterized system.

18.
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