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Abstract

The permuted myoglobin HGL16 is known to be structurally and functionally
similar to the wild-type (wt) sperm whale myoglobin (swMb) yet is less stable to
chemical denaturation by 5.2 kcal/mole. Given published reports that stabilities of
myoglobin mutants are correlated to expression yields and our own confirmation of this
correlation, we are eager to increase expression yields of our destabilized permutants to
facilitate protein characterization. One method, fusing HGL16 to Maltose-Binding
Protein (MBP), increases yields but appears to destabilize the fused HGL16. Another
method for increasing yields, overexpressing protein in the form of inclusion bodies, is
particularly useful as it yields apo-myoglobin (apoMb), necessary for investigating true
two-state unfolding and the apoMb pH 4.2 intermediate. Urea denaturation studies show
our methods of purification are valid, but pH denaturations of our directly expressed,
purified apo wt myoglobin remain inconclusive. Further, mutating the distal histidine to
phenylalanine (H64F) has been shown to increase the stability of wt swMb, at the cost of
impaired function. Introducing an H64F mutation into the HGL16 permutein results in
soluble protein with similar expression yields to HGL16 but with a shifted heme
absorbance. Preliminary characterization studies yield a reproducible and non-

cooperative denaturation curve for holo-H64F-HGL16.
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We want to probe the question of how, during folding, an entire region of a
protein may undergo structural change. A topological mutation, such as physically
linking the A and H helices of swMb, can be used to answer this question of what may be
necessary for globin protein folding. Circular permutation is one method of changing

topology in a protein. This method involves linking the N- and C-termini of the protein
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Figure 1. In circular permutation, the original N- and C-termini are connected by a
linker and new N- and C-termini are created within the protein. This changes the
arrangement of the secondary structural elements, which are shown as rectangles in this

diagram.

with an unstructured peptide linker and creating new N- and C-termini between any two
amino acids in the protein (Figure 1). Circularly-permuted proteins are known as circular
permuteins. Circular permutation is useful for probing how primary sequence and
functional tertiary structure are related, and Iwakura et al. 2000 have shown that new
termini can be inserted nearly anywhere in a model protein by systematically permuting
each residue—creating as many permuteins as there are residues in the protein (3).

With eight alpha helices, A-H, swMb is a good candidate for circular

permutation, as one helix at a time could be moved to the N-terminus of the protein. A
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apo-protein expression using a modified inclusion body protocol, and (3) a stabilizing
point mutation, H64F. Together, these methods probe issues of solubility, stability, and
partnered promotion: is there more than increased stability to increased expression of
engineered proteins?

Protein fusion systems have been used extensively to increase expression,
stability, solubility, and ease purification of target proteins. It is postulated that a highly-
expressing protein, when fused to a target protein, promotes expression of the target by
stabilizing it and slowing in vivo proteolytic degradation. MBP is a popular fusion
partner (6-10), used, for example, in high throughput proteomics for expressing human
proteins of unknown structure and function. Ideally, the target protein is cleaved from
MBP in the purification process, allowing for characterization solely of the target. We
explore whether fusing MBP to HGL16 increases expression of HGL16; we do this by
fusing them, performing expression studies and optimizing cleavage of the fusion protein.
We also looked at the effect of MBP fusion on the stability of HGL16 by denaturing the
fusion protein.

The high-level overexpression of apoMb in E. coli leads to aggregation of the
protein into insoluble “inclusion bodies.” Continuing this overexpression can make target
protein comprise up to 50% of total cellular protein. As bacteria do not make heme at the
rate of apomyoglobin production, the inclusion bodies contain nearly pure apo-protein; as
well, aggregates do not have a heme binding pocket. This is crucial for our lab, given the
already low yields of holo-HGL16. Extracting the heme requires unfolding the protein—
upon refolding, 80% of the starting HGL16 is lost through aggregation. Apomyoglobin

is desirable as mentioned above because it represents more closely a true two-state
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insights into how point mutations affect topological mutants, and specifically how
HGL16 differs from wt in and around the E helix and heme pocket.

The three methods for increasing expression yields of permuted myoglobins will
do more than give us more protein; each can tell us—as we characterize the protein
produced—about the stability, electrostatic and hydrophobic environments, folding

pathway and intermediates, and function of our permuted HGL16.

Materials and Methods

All enzymes were purchased from New England Biolabs (NEB)
Sperm Whale Myoglobin Gene:

The myoglobin gene we are using has been optimized for expression in E. coli
(15). The synthetic approach which was used to generate the recombinant gene allowed
for the incorporation of codons with optimum usage bias, a Shine-Dalgarno sequence and
spacer region from the Pseudomonas putida cytochrome P-450.,m, gene to favor high
levels of expression, as well as unique restriction sites for future subcloning and
mutagenesis experiments (15). The gene was subcloned into the pUC19 expression
vector and the recombinant protein was determined to be approximately 10% of the
soluble protein in the E.coli strain TB-1 (ara, A(lac-pro), strA, thi, $80dlacXAMIS5, r-,
m+) (15).
Recombinant DNA:

Polymerase Chain Reaction (PCR): All polymerase chain reactions were
performed using a Stratagene Robocycler with a hot top. All reactions included 1X

Thermopol Buffer (10 mM KCI, 10 mM (NHa);SO4, 20 mM Tris-HCI pH 8.8 at 25°C, 2
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Ligation: Ligation reactions consisted of 1X ligase buffer (50 mM Tris-HCl, 10
mM MgClz, 10 mM DTT, 1 mM ATP, 50 pug/ml BSA, pH 7.8 at 25°C supplied by NEB),
approximately 50 to 200ng vector, an equivalent molar amount of insert and 400 units of
T4 DNA ligase. Reactions were incubated at 16°C for 16 to 24 hours. The ligase was
then heat killed at 65°C for 10 minutes to prepare the reaction for electroporation.

Electroporation: A Biorad Gene Pulser II was used with 1 mm cuvettes, using
settings for resistance of 200 ohms, a potential of 1.25 kV/mm, and a capacitance of 25
uF. Approximately 2 to 4 uL of heat killed ligation reaction was added to 100 pL
electrocompetent cells ( E.coli strain XL1-Blue unless otherwise noted). Immediately
after the electric discharge, 1 mL of SOC medium (Luria Bertani medium + 200 mM Mg
2+ and 100 mM glucose) was added to the cuvette. The cells were incubated for one
hour at 37°C, then plated on 50 pg/mL ampicillin LB (Luria Bertani medium + agar) agar

plates and grown at 37°C overnight.

Construction of the pMAL-HGLI16 expression plasmid: HGL16 was PCR
amplified from the tanL2 tandem swMb gene construct, using the PCR program
mentioned above. The resulting dsDNA fragment was gel-purified, restricted with BamHI
and Pstl, and ligated into pMAL (NEB). The ligated plasmid was transformed into E. coli
strain XL1Blue. Transformed cells were grown on LB/ampicillin (50 pg/mL) agar plates
overnight, and candidate clones were screened by restriction analysis and a PCR-based
clone check with the bottom PCR primer and a pMAL-specific sequencing primer to
confirm the presence of the permutein gene. The MBP-HGL16 gene sequence was

confirmed by dideoxy sequencing (SAC-25).
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secondary antibodies plus a horseradish peroxidase conjugated developing agent

(Biorad).

Apomyoglobin Expression and Purification. pET17b with wt swMb was donated
by H. Jane Dyson, and expression followed Dyson lab protocols previously described,
with rich medium rather than M9 minimal medium (13). Some changes were made:
Inclusion bodies were solubilized using 3M GdnHCI, dialyzed overnight into 20mM Tris
pH 7.5, concentrated as above, and purified by HPSEC in 10mM Tris pH 8.5 buffer.
SDS-PAGE analysis showed 95% purity. Wt swMb in pET17b was confirmed by
dideoxy sequencing (SAC-43/51). Analytical HPLC was performed on a Vydec C4
Reverse-phase column, with a gradient of buffer A (0.1% v/v trifluoroacetic acid in
water) to buffer B (80% v/v acetonitrile, 0.1% v/v trifluoroacetic acid) over 30 minutes,
starting at 30% B, 70% A and going to 100% B at 30 minutes. ApoMb eluted at 11.9

minutes and holoMb at 12.2 minutes.

Urea Denaturation: All reactions occurred at room temperature (25°C) in 10 mM
potassium phosphate, 100 mM KClI buffer pH 8.5. New urea solutions were made for
each denaturation, and the concentration of the urea solutions (approximately 10 M) was
determined using refractive index'. A determined amount of buffer, sterile water and 10
M urea were mixed well and met-Mb with oxidized heme was added to a final volume of
400 pL and a final heme concentration of approximately 5 uM. Samples equilibrated
overnight. Met-B (oxidized heme) was produced by adding 1.1 molar equivalents of

0.015M potassium ferric cyanide to the stock protein solution. Circular dichroism (CD)

! [Urea] (M) = 117.66*AN + 29.753*AN? + 185.56*AN*
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spectroscopy at 222 nm and UV-Vis spectroscopy at 409 nm were used to observe the

unfolding of protein.

pH Denaturation Studies: pH denaturations were performed as described above
for chemical denaturations. Apo-Mb was used in concentrations of ~ 20 uM. Buffer
conditions included a series of 100 mM KHPO,4, KH,PO,, glycine and EDTA buffers at
pH between 1.85 and 6.0; after diluting buffers 10 fold into the spectral sample, samples
were incubated overnight and the pH was checked again before each CD spectrum was
taken.

Analysis of Data: Data analysis was carried using Microcal Origin 5.0. Curves
describing a two-state transition were fit to the data. In the two-state model, there are no
intermediate structures in the unfolding process. The folded myoglobin unfolds to
denatured myoglobin and free heme (N > D + heme).

Origin was programmed with a non-linear curve fitting function that allowed a
dependence of the native and denatured state absorbances on denaturant concentration.
The function is as follows (19):
(an+bn*x+((ad+bd*x)*exp(-((bb+mm*x)/RR*TT))))))/(exp(-((bb+mm*x)/(RR*TT)))+1)
Variables:

an = native state absorbance (An)

bn = dependence of native state absorbance on denaturant concentration

ad = denatured state absorbance (Ap)

bd = dependence of denatured state absorbance on denaturant concentration

bb = AG’h20 (kcal/mol)

mm = slope of transition (m) (kcal/(mol*M))

Constants:

RR = 0.0019872 (kcal/(mol*K))
TT =298.15 (K)

Casey Kulla, 15
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This function calculates best fit curves by optimizing an, bn, ad and bd, bb and mm. The
midpoint of the transition (Cy,) was determined by taking the derivative of the curve fit.
Normalization of data for figure 15 involved subtracting the absorbance signal in
8 M urea from each preceding data point, then dividing each data point by the absorbance
signal in 0 M urea, to give the fraction folded. F, = (An — Agmurea) / Aomurea- This equation
assumes that the protein is fully folded in native conditions (0 M urea) and fully unfolded

in 8 M urea.

Results:

MBP-HGLI16 Expression

The fusion protein MBP-HGL 16 was expressible, with higher yield and longer
post-induction time (PI) —time after addition of IPTG—than observed for direct
expression of HGL16. The fusion is maximally expressed at seven hours PI, as verified
by Western Blot (data not shown due to poor resolution). The fusion protein was purified
from E. coli in soluble form as described above; post-IMAC samples are shown in Figure
3 as a check of fusion protein’s approximate molecular weight of ~61 kDa. Following
purification, MBP-HGL 16 yields were calculated at 1.5 mg/L, based upon heme
absorbance at 418 nm—this yield was based upon four separate experiments. This yield

is five times higher than the current HGL16 yields of 0.3 mg/L (Table 4).
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This is the very problem we are trying to solve. Without more data in the transitions,

these results remain preliminary.
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Figure 5: (A) Urea denaturation of MBP-HGL16. Monitored at 409 nm, with calculated
curve-fit (19). (10 mM potassium phosphate, 100 mM potassium chloride pH 8.5). Performed at
25° C. (B) Urea denaturation curves of HGL16 (diamonds and triangles) and wt swMb (circles
and squares), see ref 3.

Apomyoglobin Purification and Yield

As reported previously (13), expression of wt swMb in the plasmid pET17b
yielded large amounts of relatively pure, insoluble inclusion bodies of apoMb. At five
hours PI, a large overexpression band corresponding to the MW of Mb was seen in crude
cell lysate (lane one, Figure 6); further, a similar band was seen in the soluble cell lysate
(lane four, Figure 6), suggesting soluble myoglobin present. After purifying the
resobulized, dialyzed inclusion bodies with SEC, >95% purity was achieved for apoMb
(Figure 7). The circular dichroism (CD) spectrum of the purified apoMb showed the
expected signal characteristic of an alpha-helical protein—minima at 208 and 222 nm

(Figure 8). Yields of pure apoMb were much higher than our group historically obtained
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arbitrarily defined (and has not been optimized): one liter harvested at four hours PI
yielded very little protein, so seven hours PI was used, and more protein was recovered.]
Protein was >95% pure after IMAC and SEC purification (Figure 12). A slightly-higher
MW contaminant (SEC fraction 1) was separated from pure H64F-HGL16 after SEC
(Figures 11 and 12). Preliminary yield, averaged from a six liter purification, was ~ 0.21
mg/L (yields of the HGL16 permuted myoglobin currently average 0.30 mg/L), as
calculated from the absorbance of the heme at 418 nm.

However, A max for the Soret peak shifted from 418 nm to 425 nm (for the
reduced form of the heme); further, A max for the oxidized form of the heme shifted from
409 nm to 395 nm, at pH 7.5 in the absence of denaturant (Figure 13). When 2.0 M urea
was added, A max for oxidized H64F-HGL 16 shifted back to 409 from 395 nm.
Consequently, denaturation experiments may contain artifacts when monitoring 409 nm
on a UV/Vis spectrophotometer. As most previous studies have worked exclusively with
directly expressed apo-H64F mutants, changes in A max and the extinction coefficient
have not been published, so, to ensure accuracy in calculating concentrations, absorbance
of the tryptophan residues at 280 nm should be used to quantify expression yields of the

mutant H64F-HGL16 (Table 6).
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Figure 11: Size-Exclusion Chromatography trace showing the purification of
H64F-HGL16, monitored at 418 nm (20 mM Tris pH 8.5).
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-

Figure 12: SDS-PAGE gel shows SEC
purification of H64F-HGL16. Lane 1: MW
Marker, (2) HGL16 control, (3) SEC fraction 1,
(4) SEC fraction 2, H64F-HGL16
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Figure 13: Absorbance traces for H64F-HGL16
with reduced heme (solid line), oxidized (dashed
line), oxidized & 4 M GdnHCI (dotted line)

Table 6: Current yield for HGL16 compared to H64F-HGL 16 (mg proteir/ liter
of cell culture) based upon heme absorbance at 418 nm for HGL16 and H64F-HGL16,

and tryptophan absorbance at 280 nm for H64F-HGL16.

HGL16 (418)

H64F-HGL16 (418)

H64F-HGL16 (280)

0.30 mg/L

0.21 mg/L

0.37 mg/L

Holo H64F-HGL16 Preliminary Urea Denaturation

Preliminary chemical denaturation of the holo-H64F-HGL 16, monitored at 409

nm, was performed to estimate the mutant’s stability relative to HGL16. The unfolding

curve lacks a pre-transition baseline (Figure 14). Given the observed behavior of A max

in various environments, we might conclude that UV/Vis spectroscopy, monitoring
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changes in the heme’s absorbance, does not give a true picture of the unfolding of H64F-
HGL16 upon addition of chemical denaturants. CD denaturations, monitoring secondary
structure rather than the tertiary environment surrounding the heme pocket, should give

more reliable information about the urea-induced unfolding of H64F-HGL16.
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Figure 14: UV/Vis denaturation of 5 tM H64F-HGL16
lacking a pre-transition baseline. Monitored at 409 nm.

Preliminary CD denaturation and spectrum of H64F-HGL16
As expected, the CD spectrum of H64F-HGL16 shows features of an alpha-
helical protein (Figure 15a), with minima at 208 and 222 nm, similar to the CD spectrum

of holo HGL16 (Figure 15b).
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unfolded forms of both HGL16 and wt swMb. Once HGL16 is cloned into the pET17b
plasmid, work can begin on directly comparing our permutein to wt.

Using absorbance at 280 nm, given the shift in A max for the heme in H64F-
HGL16, we see that expression yields have increased slightly—likely, yields of the
permuted mutant are equivalent to yields of pure HGL16. While 0.37 mg of protein lacks
luster, such yields are exciting: this is evidence that we can perform site-directed
mutagenesis on HGL16, create point mutants, purify them, and compare them to HGL16
and similar wild-type point mutants. While yield may not increase, stability, function or
folding pathway may change. We would like to create more point mutants, such as those
with altered autooxidation rates (rate at which heme goes from reduced to oxidized),
increased CO affinity, to observe how topological mutation affects point mutants known
to have specific effects on the function of Mb. We might make an HGL16 double mutant
H64Y/V68F to observe changes in heme dissociation rates (20).

H64F, the most stable point mutation in swMb (13), should increase yields of
HGL16 dramatically if (a) stability and expression yields are correlated for the permuted
globin as they are for the wt Mb (5) and if (b) this mutation increases the stability of
HGL16. While we see no evidence for large increases in yield for the permuted mutant, it
is not necessarily the case that (a) or (b) above are false. The correlation of stability and
expression yield may remain true, as H64F may not change the expression yields because
it does not change the stability of HGL16. No change in stability, however, would be
quite strange given the precedent in wt and the dramatic change in amino acid character
by substitution of Phe for His. His prefers to be solvated, while Phe prefers a

hydrophobic environment; as the interior of the heme pocket is relatively hydrophobic,

Casey Kulla, 32
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