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[Abstract] Heme is a common cofactor in proteins, found in hemoglobin, myoglobin,
cytochrome P450, DGCRS, and nitric oxide synthase, among others. This protocol describes a
method for quantifying heme that works best in purified protein samples. This protocol might
be used to, for example, determine whether a given heme-binding protein is fully occupied by
heme, thus allowing correlation of heme content with activity. This requires the absolute heme
concentration and an accurate protein concentration. Another use is to determine the
extinction coefficients of a heme-bound protein. This assay is fast, easy, and reproducible if

done correctly.

[Historical background] G.G. Stokes was the first to prepare what we now refer to as
hemochromagen. As early as 1863, he was monitoring changes in the hemoglobin
absorbance spectrum upon reduction of the heme to the Fe(ll) form Stokes (1863). Stokes had
reduced blood in the presence of ammonia; what he was seeing were the intense a and f8
peaks of Fe(ll) heme b from hemoglobin in complex with ammonia. Later authors (Anson and
Mirsky, 1928) were able to show that the hemochromagen, as it had been called by Christian
Bohr (Edsall, 1972) , was heme in complex with some nitrogenous ligand. It can be formed as
well by simply reducing myoglobin under denaturing conditions, in which case histidines serve
as the axial ligands. Hill demonstrated that the pyridine hemochromagen is formed from the
nitrogen of two pyridine molecules binding to the axial position of the reduced heme (Hill, 1926;
Hill, 1929); this was confirmed by Smith (1959) and Gallagher and Elliot (Gallagher et al., 1965;
Gallagher et al., 1968).

With advances in spectroscopic techniques, later workers were able to use hemochromagen
for an important analytical purpose (Hill, 1929). The regularity of the a peak of reduced
pyridine hemochromagen, its high extinction coefficient, and the fact that it follows Beer's Law
over a wide range allows its use for determining the total heme composition of a sample. De
Duve (1948) published one of the first protocols for this, and determined the extinction
coefficient () at 557 nm to be 32 mM?! cm?. The method used relied on gravimetric
determination of the standard heme samples, which could lead to an underestimate of the true
heme concentration if the sample is impure. Paul et al. (1953) re-determined the extinction
coefficient for pyridine hemochromogen from recrystallized heme b and myoglobin, using the
iron content as an internal control. They found a value (34.7 mMcm?) significantly higher than

the previous value of 32 mM-*cm, representing a difference of roughly 9%. Both values have
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been in use comparatively recently: e.g. (Scott and Lecomte, 2000; Fushitani and Riggs, 1988;
Miyoshi et al., 1997; Yachie et al., 1999; Lee et al., 2000; Huche et al., 2006), which use 32
mM-1cm?, and (Sono et al., 1984; Senturia et al., 2012; Sinclair et al., 2001; Berry and

Trumpower, 1987), which use 34.7 mM-*cm. In this assay we have taken the value given by

Paul et al. (1953) to be most accurate.

[Principle of action] The heme-containing protein solution is first mixed with Solution | (see
Recipes) containing pyridine, NaOH and potassium ferricyanide. Pyridine serves as a ligand
for heme in the Fe(ll) state. NaOH keeps sodium dithionite stable. Potassium ferricyanide
ensures that all dissolved heme is in the Fe(lll) state at first. Then, excess sodium dithionite
in solution is added to reduce the heme from Fe(lll) to Fe(ll). Another option is to use a pipette
tip to add a few grains of solid dithionite to the cuvette, and allow it to dissolve. Recipes similar
to the current one have been recommended by Sinclair et al. (2001); Berry and Trumpower
(1987); Antonini and Brunori (1971). The concentration of heme in the sample can be
determined from the absorbance of the reduced sample; the extinction coefficient for reduced
pyridine hemochromagen is 34.7 mM=*cm™ at 557 nm for heme b. It can also be done using
the difference spectrum between the reduced and oxidized samples. Don't forget, in either
case, to take your dilution factor into consideration. This protocol is written for heme b;
however, other types of heme form hemochromagens as well and can be quantified using the
same technique. See Berry and Trumpower (1987) or Table 1 for extinction coefficients for

hemes a and c.

Materials and Reagents

1. Heme-containing sample

Note: The concentration of heme in your stock solution should be at least 10 uM and
not much greater than 80 uM. Dithiothreitol (DTT) and other reducing agents can
reduce potassium ferricyanide and may interfere with the oxidized sample, but not with
the reduced sample. Any common biological buffer should be compatible with this
procedure so long as it has no significant absorbance in the 500 nm to 600 nm range
and does not form a complex with heme, as should be the case with all Good's buffers.
We have personally used phosphate, tris, HEPES, EPPS, MES, and CHES without
issue.

0.5 M NaOH

Pyridine (Sigma-Aldrich, catalog number: 360570)

Potassium ferricyanide(lll) (Sigma-Aldrich, catalog number: 702587)

Sodium dithionite (Sigma-Aldrich, catalog number: 157953-5 G)

Deionized water

0.2 M NaOH, 40% (v/v) pyridine, 500 uM potassium ferricyanide (see Recipes)

© N o g bk~ wDd

0.1 M potassium ferricyanide (Ks[Fe(CN)s]) (see Recipes)
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9. 0.5 M sodium dithionite in 0.5 M NaOH (see Recipes)

Equipment

Spectrophotometer with a bandwidth < 2 nm
Fume hood

Quartz or glass cuvette, 1 cm length

AP wDdE

Pipettes

Note: It is generally good to have a spectrophotometer capable of relatively low spectral
bandwidth (SBW) in order to get highly accurate measurements. It is suggested in the
literature that the ratio of SBW to the natural bandwidth (NBW) should be 0.1 or lower in
order to get an error of less than 0.5% (Surles and Erickson, 1974; Brodersen, 1954). The
a band of reduced pyridine hemochromagen has a NBW of around 20 nm, hence the
recommendation of 2 nm or less for SBW. Check with your manufacturer if you are unsure
of your SBW. Most modern spectrophotometers have SBW less than 4 nm,
corresponding to an error of less than 2%. It is also important to note that this error is not
random, but results in an underestimate of the true absorbance; having a higher
SBW/NBW ratio leads to a 'flattening' of absorbance peaks. If possible, use a scanning
spectrophotometer. This allows you to verify that your spectrum looks similar to the

spectrum shown in Figure 1.
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Figure 1. Example spectrum of reduced and oxidized pyridine hemochromagen

(heme b). The bandwidth is set to 1 nm, with data interval 1 nm.
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Procedure

The volumes shown below can be scaled up or down as desired, as long as the

concentrations stay the same.

1.

Set the spectrophotometer to < 2 nm SBW (if adjustable) and data interval at 1 nm
between 500 and 600 nm (at least). The assay is not strongly temperature sensitive;
room temperature works well.

Blank the spectrophotometer with Solution | mixed 1:1 with whichever buffer your
protein sample is in.

Empty cuvette. Add 0.5 ml Solution | to 0.5 ml of your heme-containing sample and
mix well.

Scan this mixture; this is your oxidized sample.

Add 10 pl Solution 11l to your oxidized sample and mix well. The sample should turn a
reddish color.

Scan immediately and again every minute until the absorbance peak no longer
increases; this should take no more than 5 min. The scan with the highest peak is the
reduced spectrum.

Using the extinction coefficients in Table 1, and taking into account your dilution
factors, calculate the concentration of heme in your original sample using Beer's law,
A = ¢ ¢ | (Absorbance = extinction coefficient x concentration x pathlength). You can

use the absolute absorbance of the reduced sample, or the difference spectrum.

Table 1. Extinction coefficients for pyridine hemochromogens

Compound | Wavelength g (mMlcm?) Solvent Ref.

Pyr2-heme b 557 nm 34.7 NaOH, 10-40% pyr. Paul et al., 1953
Reduced

Pyra-heme b, | 557 nm min 23.98 NaOH, 10-40% pyr. Berry and
Red. - Oxid. 540 nm Trumpower, 1987
Pyr-heme a, | 587 nm min 23.98 NaOH, 10-40% pyr. Berry and
Red. - Oxid. 620 nm Trumpower, 1987
Pyrz-heme ¢ 550 nm 30.27 NaOH, 10-40% pyr. Berry and
Reduced Trumpower, 1987
Pyrz-heme ¢, | 550 nm min 23.97 NaOH, 10-40% pyr. Berry and
Red. - Oxid. 535 nm Trumpower, 1987

8. To determine the extinction coefficient of the heme when it is bound to your native

protein, you will also need a high quality scan of the protein sample in a suitable
buffer. Using Beer's law and the sample heme concentration, calculate € for the heme

absorbance peaks of your native protein.
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1. Solution | [0.2 M NaOH, 40% (v/v) pyridine, 500 uM potassium ferricyanide]
Add 2/5 volume 0.5 M NaOH to 2/5 volume pyridine in fume hood or well-ventilated
space and dilute to final volume with water
Add 1/200 volume 0.1 M potassium ferricyanide (Solution I1)
Paul et al. (1953) reported that NaOH concentrations between 0.02 and 0.5 M and
pyridine concentrations between 10% and 50% make no difference to the molar
absorptivities of the hemochromagen.
Hazards: Pyridine is toxic, flammable, and has what the Merck Index calls a
"characteristic disagreeable odor." Mix solutions in a fume hood or well-ventilated
area.
Warnings: Pyridine eventually oxidizes; when this happens it turns yellow. Do not use
if yellow, and seal the pyridine bottle after use.

2. Solution 11 {0.1 M potassium ferricyanide (Ks[Fe(CN)s])}
Hazards: Releases cyanide if mixed with strong acids.
Warnings: Potassium ferricyanide must be made fresh and used within 24 h. Dispose
of in a separate container.

3. Solution 1l (0.5 M sodium dithionite in 0.5 M NaOH)
Sodium dithionite, off the shelf, is usually no more than 85% pure, no matter the
supplier (McKenna et al., 1991).
Note: It should always be dissolved and diluted in neutral or basic solution; acidic
conditions cause it to release hydrogen sulfide, a poisonous gas. It must be made
fresh every time.
Storage: Sodium dithionite should be kept away from water. Fresh sodium dithionite is
powdery and free-flowing. It is best to purchase it in small amounts and open a fresh
bottle periodically, due to degradation upon exposure to air (McKenna et al., 1991).
Sodium dithionite has a redox potential of -0.66 V at pH 7.0, 25 °C (Mayhew, 1978),

and doesn’t absorb strongly in the > 400 nm region.
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