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Determination of Reaction Intermediate Structures 
in Heme Proteins

Kelvin Chu

Summary
Developments in structural biology and molecular biology have allowed increasingly detailed

investigations of structure–function relationships. Although atomic-resolution structures of pro-
teins are becoming more common, a growing number of structural studies have focused on the
role played by dynamics and have sought to determine the structure of intermediates in protein
reactions. These experiments have revealed the first atomic-level pictures of enzyme catalysis and
the conformational motions required for biological function. This chapter uses the cryotrapping
of reaction intermediates in horse heart myoglobin (Mb) to illustrate the methods utilized in
determining the structures of reaction intermediates in protein systems. The techniques described
here are applicable to a wide variety of heme proteins including Mb, hemoglobin, photosynthet-
ic reaction centers, and cytochrome p450cam. 
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1. Introduction
Developments in structural biology and molecular biology have allowed

increasingly detailed investigations of structure–function relationships. A
growing number of structural studies have focused on the role played by
dynamics and have sought to determine the structure of intermediates in pro-
tein reactions. These experiments have revealed the first atomic-level pictures
of enzyme catalysis and the conformational motions required for biological
function (1–13). Here, we use the cryotrapping of reaction intermediates in
horse heart myoglobin (Mb) to illustrate the methods utilized in determining
the structures of reaction intermediates in protein systems. The techniques
described here are applicable to a wide variety of heme proteins including
Mb (14–17), hemoglobin (18), photosynthetic reaction centers (19), and
cytochrome p450cam (20).
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Examples of studies of reaction intermediates using structural techniques
include the rapid trapping of intermediates in isocitrate dehydrogenase from
Escherichia coli (21), the self-cleavage reaction in RNA catalysis in the ham-
merhead ribozyme (22), intermediates in the photocycles of photoactive yellow
protein (23–25) and bacteriorhodopsin (8–13,26,27), cryotrapping and isolation
of the intermediates along the catalytic pathway of cytochrome p450cam from
Pseudomonas putida (20), ligand migration through Mb (16,20,28), oxygen
activation in cytochrome cd1 nitrite reductase (14), the nucleotidyl transferase
pathway of DNA polymerase β (29), and deacylation in a serine protease (30).

Other techniques have been used to investigate systems that are inaccessible
to X-ray studies. Electron crystallography has been used to determine the struc-
ture of the N intermediate in the bacteriorhodopsin photocycle (27) and the
mechanism of proton translocation (26). Three-dimensional nuclear magnetic
resonance has been used to examine the structure of the aspartyl-phosphoryla-
tion switch in the bacterial enhancer-binding protein NtrC under steady-state
phosophorylation conditions (31).

These studies provide the foundation for interpreting biochemical and bio-
physical data and have been used to elucidate mechanisms of enzyme action
(32), laying the groundwork for further study by mutagenesis and computation.
We describe the materials and methods for characterization of the reaction
intermediates in Mb. Because experimental protocols are crucial in the kinetic
characterization of intermediates, we present a detailed rationale for sample
treatment and preparation.

2. Materials
2.1. Crystallization of Mb

1. Horse heart Mb (Sigma, St. Louis, MO).
2. 1.7–1.8 M Ammonium sulfate solution.
3. 0.1 M Tris-HCl solution, pH 7.5.
4. 3.4–3.6 M Ammonium sulfate solution.
5. 0.1 M Tris-HCl solution, pH 7.4.
6. 50 mM Sodium dithionite solution.
7. 70 mM Potassium phosphate solution.
8. Hanging-drop crystallization trays (Hampton Research, Alisa Viejo, CA).
9. Carbon monoxide gas (Merriam-Graves, Springfield, MA).

10. Liquid nitrogen.

2.2. Experimental Equipment

1. Microspectrophotometer (32).
2. Open flow helium cryostream capable with temperature control (see Subheading

3.2.).
3. 500 mW Argon ion laser (National Laser Company, Salt Lake City, UT).
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4. CryoCap system and crystal handling tools (Hampton Research).
5. Fiber optic illuminator (Oriel, Stratford, CT).
6. O2 pressure cell for crystallography (33).

3. Methods
The methods following the outline: (1) the crystallization of horse heart Mb,

(2) characterization of the protein, (3) the preparation of ultra-low temperature
cryocrystallography, and (4) data collection strategies.

3.1. Crystallization of Mb and Derivatives

Horse heart Mb is crystallized at room temperature by equilibrating 10-mL
drops of 5 mg/mL protein in 1.7–1.8 M ammonium sulfate and 0.1 M Tris-HCl,
pH 7.5, against 1 mL of 3.4–3.6 M ammonium sulfate and 0.1 M Tris-HCl, pH
7.4, using the hanging-drop geometry. Crystals should appear within several
days with rosette-shaped crystals within 2 wk. Leaflets from the crystals can be
harvested from the rosettes using Hampton Microtools. Typical sizes of crystals
are 0.01 × 0.07 × 0.3 mm. These crystals are high-spin iron (met, FeIII) and
should appear brown. Crystals are typically P21 with characteristic unit cell
dimensions of a = 63.6 Å, b = 28.8 Å, c = 35.6 Å, and β = 106.5 Å (28,34).
These crystals are the starting point for preparation of ligand derivatives:

1. Ferrous unligated Mb crystals are obtained by soaking met crystals in a nitro-
genated solution containing 50 mM sodium dithionite, 70 mM potassium phos-
phate, and 70% saturated ammonium sulfate. The color of the crystals should
change from brown to bright red. Deoxy Mb crystals should be flash frozen quick-
ly in liquid nitrogen to prevent O2 substitution from the atmosphere.

2. Ferrous CO-bound crystals are obtained by soaking met crystals in CO-saturated
mother liquor supplemented by 8 mg/mol dithionite, 5 mL 2 M NaOH/mL, and
7.5% glycerol. The color of the crystals should change from brown to raspberry red
over the period of 30 min. MbCO crystals should be flash frozen immediately in
liquid nitrogen to prevent auto-oxidation.

3. Ferrous O2-bound crystals are obtained by soaking met crystals in a solution of 50
mM potassium phosphate at pH 7.0, 70% saturated ammonium sulfate, 10% glu-
cose (w/v), and 10% sucrose (w/v). Crystals are transferred into a pressure cham-
ber and exposed to 100 bar of O2 for 30 min at 4°C. Once ligated, pressure should
be released from the chamber slowly (over tens of seconds) to prevent flash cool-
ing from rapid depressurization. MbO2 crystals should be flash frozen immediate-
ly in liquid nitrogen to prevent auto-oxidation.

3.2. Characterization of Intermediates

Structural characterization of reaction intermediates relies on independent
confirmation of the nature of the intermediate, often by spectroscopy (35). In
addition, the nature of this identification is often kinetic as opposed to purely
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spectroscopic. Because protein chromophores are often not sensitive to the lig-
and position in the protein, many studies have therefore relied on infrared spec-
troscopy in addition to UV/Vis spectroscopy, using the dipole absorption of the
ligand in the infrared. The transient nature of intermediates in a protein reaction
means that two techniques must be added to conventional structure determina-
tion: initiation of the reaction and sufficient accumulation of the reaction in
crystals (35,36). These techniques must be efficient, not overly damage the
sample or radically change the kinetic properties of the system, and must be
rapid compared with the time-scale of the reaction being studied (36).

3.2.1. Reaction Initiation

For Mb, the initiation of the reaction is accomplished by photolysis. Carbon
monoxide is used as a ligand because although it similar in many respects to O2,
the quantum yield for photolysis is unity. Time-resolved spectroscopic measure-
ments and molecular dynamics simulations show that ligand rebinding in MbCO
occurs in two sequential intermediates resulting from both movement of the lig-
and within the protein matrix and conformational relaxation of the protein.

Spectroscopic studies indicate that following dissociation, the spectrum of
free CO appears in approx 0.5 ps and persists for hundreds of nanoseconds (37).
The extent of geminate, or internal, recombination from this site depends on the
reactivity of the ligand with the heme iron and its ability to diffuse away from
the active site to a secondary docking site (D) or the solvent (S). The latter
process requires relatively large anharmonic protein fluctuations on a microsec-
ond time-scale that are frozen out below the glass-transition temperature,
around 180K (38). The general scheme is shown in Table 1.

3.2.2. Accumulation of Intermediates

To observe intermediates crystallographically, one must accumulate roughly
30% occupancy in the experiment. Separate protocols that can distinguish
between the B and D intermediates must be designed. Temperature-derivative
spectroscopy (TDS), a technique adapted from low-temperature solid-state
physics (39) is used to design the protocol for characterization of intermediates.
In a typical experiment, the reaction is initiated and the temperature is ramped
up linearly in time while spectra are collected for each Kelvin temperature
increase. This procedure effectively sweeps thermally activated processes
through the window of observable rates of the instrument.

The structural heterogeneity in the sample results in a distribution of rates. At
low temperatures, only processes with low barriers for recombination can rebind
within the time window of the spectrometer. Differences between spectra from
consecutive temperatures are plotted as a contour plot of population or change in
absorbance as a function of wavenumber and rebinding enthalpy (Fig. 1). As the
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temperature is increased, individual ligand molecules gain sufficient energy to
overcome higher barriers and recombine. Thus, TDS sorts different rate process-
es according to their activation enthalpy. The relation between enthalpy and peak
rebinding temperature are related if we assume a first-order rate process,

(1)

and an Arrhenius-like rate,
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Table 1
Reaction Scheme for Carbonmonoxymyoglobina

Reaction MbCO ⇔ Mb*CO ⇔ Mb**CO ⇔ Mb + CO

State: A B D S
Name: (bound) (photolyzed) (photorelaxed) (deoxy)
Ligand position Heme 1o site 2o site solvent

aPhotolysis protocols can drive the ligand to either state B (photolyzed) or state D (photore-
laxed), depending on the temperature profile of the sample. Rebinding from B⇒A or B⇒D
occurs sequentially. Enthalpies for rebinding are determined using temperature-derivative spec-
troscopy. HBA ~12 kJ/mol, HDA ~30 kJ/mol.

Fig. 1. Temperature-derivative spectroscopy plot for hMbCO. This plot reveals the
rationale for design of the experiment. Samples photolyzed at 10K will generate only
proteins in the B state. Samples cooled under illumination will generate both states B
and D. However, collecting data at 90K allows rebinding of the B state, leaving the only
nonligated CO molecules in the D position.
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where A is the pre-exponential at the arbitrary reference temperature T0, H is
the height of the enthalpic barrier, R is the gas constant, and T is the tempera-
ture (Kelvin). The measured TDS signal can be then written as 

(3)

The characteristic time for the measurement, τc, is given by

(4)

where the peak enthalpy is 

(5)
Laser irradiation is used to enhance a particular photoproduct species, a

process called pumping. Samples cooled under illumination undergo continu-
ous photolysis while the temperature is ramped from 160 to 10K. The range of
accessible conformational motions is frozen out as the sample cools, trapping
long-lived states. 

A TDS plot for hMbCO is shown in Fig. 1. Data are presented as a surface
plot (or a contour plot) of population as a function of wavelength and rebinding
enthalpy. Large signals (peaks) indicate increases in rebinding population for a
particular wavelength and a particular rebinding enthalpy. Flat areas indicate no
rebinding occurs.

3.3. Ultra-Low Temperature Crystallography

Crystallographic determination of structures of reaction intermediates relies
on either rapid collection via the Laue diffraction or stabilization of intermedi-
ates on time-scales suitable for monochromatic data collection (40–42). The lat-
ter can be done chemically (e.g., by modification of the macromolecule, sub-
strate, cofactor, solvent, or pH) or physically (by temperature) (43,44). Because
most single-protein crystals are commonly flash cooled for stabilization during
data collection to slow radiation damage, trapping intermediates by freeze
quenching a reaction is very common.

Metalloporphyrin proteins often have a relatively large heme pocket
designed to accommodate ligands, as in the case of hemoglobin or Mb, or large
substrates, as in cytochrome P450cam. This results typically in a fast-rebinding
geminate phase in flash-photolysis studies of heme protein kinetics, correspon-
ding to low enthalpic barriers for rebinding (~4 kJ/mol) following photolysis.
To adequately trap suitable populations of ligands in these low enthalpic barri-
er states, correspondingly low temperatures must be used. For Mb and hemo-
globin, liquid helium temperatures are employed to slow recombination.
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We have designed a helium cryostream that consists of a liquid helium
stream for cooling the crystal and an exterior, concentric flow of warm, room-
temperature gas (see Note 1). The gas flow rate of the inner stream is controlled
by the needle valve of a liquid helium transfer line (Janis) (see Note 2). The reg-
ulator from a cylinder of helium gas controls the gas flow rate of the outer
stream (see Note 3). Recently, cryostreams from commercial suppliers have
become available. These ultra-low temperature cryostreams employ displex
refrigerators for cooling, and need no cryogenic liquids.

3.4. Data Collection

3.4.1. Mb*CO (B) Structure

To determine the structure of the Mb*CO complex, crystals are photolyzed
at helium temperatures to slow the rebinding reaction to experimentally con-
venient time-scales for monochromatic data collection. Experiments are aimed
at optimizing the population of the D intermediate. Cryocooling prevents the
escape of the photolyzed CO to the solvent.

Steps in data collection are:

1. Prepare MbCO crystals as described in Subheading 3.1. and mount crystals direct-
ly in the loop of a CryoCap.

2. Freeze the crystals directly in the helium stream. Note that prefreezing in liquid
nitrogen is not possible.

3. Illuminate the crystal with low-intensity light, such as a fiber-optic illuminator (see
Note 4). Collection of data should be performed with the illumination light on.
Rebinding is non-negligible at helium temperatures and molecular tunneling of the
CO can occur even at 4.2K, so samples should be under continuous illumination at
low power during data collection. Simultaneously, too high an illumination will
result in significant crystal heating and increased recombination (17).

3.4.2. Mb**CO (D) Structure

The D intermediate requires relaxation of the protein. This occurs thermally
at room temperature for native Mb with around 10% occupancy. Cryotrapping
of the D state is required to accumulate sufficient amounts of the intermediate
for structural determination by X-ray crystallography. For data collection of the
photorelaxed hMb**CO complex, the crystal should be illuminated with an
argon ion laser at a relatively high temperature (160–180K) and then cooled
under illumination to 90–100K for trapping at a rate of 10K/h.

Steps in data collection are:

1. Prepare MbCO crystals as described in Subheading 3.1. and mount crystals direct-
ly in the loop of a CryoCap.

2. Freeze the crystals directly in a nitrogen stream.
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3. Illuminate crystals with an argon ion laser (see Note 5). To ensure homogeneous
illumination conditions, illuminate both sides of the flat surface of the leaflet for 6
h at 160K with an intensity of roughly 5 mW/mm2.

4. Cool the crystal under illumination at 10K/h to 85K. Excessive illumination will
cause heating of the sample. Temperature fluctuations on the order of 5K will result
in significant rebinding during the experiment.

4. Notes
1. Despite the best alignment of cold and warm gas streams, turbulence and pressure

regulation problems may eventually generate sufficiently nonlaminar flow so that
moisture from ambient air will reach the cold helium stream and condense. This
icing can be diminished by construction of small Kapton shields that extend over
the CryoCap pin.

2. We have measured the temperature profile of the helium stream using a silicon
diode mounted on a goniometer loop and found that crystallography at liquid heli-
um temperatures requires much more precision in positioning of cryostream posi-
tion with respect to the goniometer geometry. This is because the specific heat of
helium is much lower than that of nitrogen, and, thus, the cooling power of the
helium cryostream is greatly reduced. The typical protocol for cryostream posi-
tioning is to move the cryostream tip as close to the sample as possible without
eclipsing high-resolution data. We use a very narrow cryostream tip (1.5-mm
diameter) and typically have distances between the cryostream tip and the sample
of less than 3 mm.

3. Obviously, samples should not be directly manipulated by hand when they are in
the helium cryostream. When using prefrozen crystals, we have had good results
with cryotongs that have been modified for the tight helium cryostream geometry.
If, when mounting, nitrogen from LN2 freezes on the sample, it can be gently
removed by direct manipulation with an unused cryoloop.

4. Heating from the photolysis and illumination beams can be significant. For photol-
ysis, low-intensity illumination protocols should be used; heating in excess of
10–20°C occurs with direct illumination with a laser. If monochromatic illumina-
tion must be used, a standard trick is to choose a long wavelength where the crys-
tal appears optically less thick. This strategy has been successfully employed by
time-resolved studies.

5. Steps should be taken to ensure that photoselection does not occur during illumi-
nation. If a polarized light source is used for illumination and photolysis, it should
not rotate with the crystal.
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