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Abstract

Crystal structures of methyl, ethyl, propyl and butyl isocyanide bound to sperm whale myoglobin

(Mb) reveal two major conformations. In the in conformer, His(E7) is in a “closed” position,

forcing the ligand alkyl chain to point inward. In the out conformer, His(E7) is in an “open”

position, allowing the ligand side chain to point outward. A progressive increase in the population

of the out conformer is observed with increasing ligand length in P21 crystals of native Mb at pH

7.0. This switch from in to out with increasing ligand size also occurs in solution as measured by

the decrease in the relative intensity of the low (~2075 cm 1) versus high frequency (~2125 cm 1)

isocyano bands. In contrast, all four isocyanides in P6 crystals of wild type recombinant Mb

occupy the in conformation. However, mutating either His64 to Ala, creating a “hole” to solvent,

or Phe46 to Val, freeing rotation of His64, causes bound butyl isocyanide to point completely

outward in P6 crystals. Thus, the unfavorable hindrance caused with crowding a large alkyl side

chain into the distal pocket appears to be roughly equal to that for pushing open the His(E7) gate

and is easily affected by crystal packing. This structural conclusion supports the “side path”

kinetic mechanism for O2 release, in which the dissociated ligand first moves toward the protein

interior and then encounters steric resistance, which is roughly equal to that for escaping to solvent

through the His(E7) channel.
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Mammalian myoglobin (Mb1) is used as a simple model for understanding the ligand

binding properties of more complex and less well-characterized globins, from the α and β

subunits of adult human hemoglobin to the newly discovered animal neuroglobins and plant

non-symbiotic hemoglobins (1-7). However, there is still an active debate regarding the

route of ligand entry into the myoglobin binding pocket, which is enclosed and protected

from solvent in crystal structures.

Perutz (8) first suggested that ligands enter the distal pocket through outward rotation of the

distal histidine, creating a short “open” channel between solvent and the iron atom, and in

subsequent work this route has been called the His(E7) gate pathway (9, 10). The discovery

of cavities within sperm whale myoglobin, which can bind Xe gas, and of channels between

them have led many workers to suggest alternate, multiple routes through the protein interior

(11, 12). These apolar pathways appear to be dominant in molecular dynamics simulations

of ligand trajectories (13-16) and movements of photodissociated CO between the distal

pocket and the Xe1 and Xe4 cavities are well documented by time resolved X-ray

crystallography (17-23). However, extensive mutagenesis mapping of all these possible

pathways has suggested strongly that ligands primarily enter and leave Mb through the distal

histidine, His(E7), gate and not the Xe cavities (9). This same experimental approach has

shown that small ligands traverse a long apolar channel to bind to the heme iron in

Cerebratulus lacteus hemoglobin (24), and therefore mutagenesis mapping can identify

alternative pathways, if they exist. Thus, there still is a significant discrepancy between the

kinetic results from libraries of Mb mutants and molecular dynamics simulations of ligand

trajectories.

In the 1980s, we began using long chain alkyl isocyanides to probe ligand binding channels

within hemoglobins and myoglobins (25-29), using a strategy that Hans Frauenfelder

suggested was analogous to Ariadne's thread3. We hoped to find the route into and out of

Mb by determining the position of the long alkyl side chain attached to the bound

isocyanide. Between 1989 and 1999, we determined the crystal structures of 15 different

isocyanide-myoglobin complexes (PDB IDs in Table 1; (30-33)). The distal histidine “gate”

is propped open in the published structures of Mb with either imidazole (34) or a phenyl

group (35) bound to the heme iron. However, alkyl isocyanides (CNRs) are

conformationally more flexible than the rigid aromatic ring ligands and may offer a more

relevant probe of the resistance to outward rotation of the His(E7) side chain for dissociating

diatomic ligands.

Mb arranges into P21 or P6 crystallographic space groups depending upon its amino acid

sequence and the pH of the mother liquor. Native sperm whale Mb was isolated from the

1Abbreviations: Mb, myoglobin; wt, wild type; CNR, alkyl isocyanide, where R = C1, C2, C3, C4 for methyl, ethyl, n-propyl and n-
butyl groups; FTIR, Fourier transform infrared spectroscopy; νCN, isocyano group stretching frequency; Fin, Fraction of CNRs that
point into the Mb binding pocket as measured by FTIR; k', association rate; k, dissociation rate; Ka, equilibrium association constant
calculated as k'/k; Fgem, fraction of geminate recombination; PDB, Protein Data Bank.
3Frauenfelder made this suggestion in 1981. In Greek mythology, Ariadne, King Minos' daughter, gave her lover Theseus a skein of
thread to unravel as he entered the labyrinth of the Minotaur under the royal palace on the island of Crete. After slaying the beast,
Theseus was able to find the path for escaping out of the maze by following the thread (Bulfinch, T. (1865) The Age of Fable, Tilden,
Boston). The Ariadne's thread metaphor is also used in the field of logic to describe methods for solving problems with multiple
solution pathways.
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skeletal muscle of the animal before the 1986 international whaling ban treaty. Wild-type

(wt) sperm whale Mb was first expressed recombinantly in E. coli with a D122N

substitution due to an error in the original sequence (36) and an additional N terminal

methionine (37). Both residues are distant from the heme and do not significantly affect the

rate and equilibrium parameters for ligand binding to Mb in solution. However, as a result of

these two surface residue differences, native Mb crystallizes in a P21 arrangement at pH 7.0,

whereas wt Mb, and most of its mutant derivatives only crystallize in the P6 crystal form at

pH 9.0 (38-40).

When the X-ray crystal structures of the native MbCNR and the wt MbCNR complexes

were initially determined, the ligand conformations were not consistent between the P21 and

P6 crystals (Fig. 1, top four vs. bottom four structures; (30-33)). In the P21 crystal form, the

ligand conformation is strongly dependent on its size (Fig. 1, top four structures; (30)). The

alkyl side chain of CNC2 bound to native Mb points into the interior portion of the distal

pocket and resides in the same location as the initial nanosecond state of photodissociated

CO. In contrast, the alkyl side chain in native MbCNC4 occupies an out conformation and

lies in the channel created by outward movement of the His64(E7) side chain. However,

when structures were determined for wt MbCNC1 through MbCNC4 in the P6 crystal form,

all of the ligand side chains were found to point inward (Fig. 1, bottom four structures; (33)).

There was no obvious explanation for this discrepancy, and at the time, we could not

determine the preferred CNR conformation in solution. In effect, Ariadne's thread was

pointing in two opposing directions.

Resolution of this crystallographic problem has come from FTIR measurements of the

stretching frequencies of bound isocyanides in solution, which are described in the

preceding paper (41). When the ligand points inward, a hydrogen bond is donated by

His64(E7) to the isocyano group, which acts to strengthen Fe-C back bonding, weaken the

C≡N triple bond, and decrease the isocyano stretching frequency (νCN). When the ligand is

pointing outward, its isocyano group is in an apolar environment, and the C-N bond order

(~2.9) and νCN are increased. Thus, the relative heights of the low and high frequency νCN

bands allow a direct measure of the relative amounts of the in and out ligand conformers,

respectively (41).

In the case of bound CNC4, the low and high frequency νCN bands are present in roughly

equal amounts, suggesting that both crystallographic conformers are present in solution (Fig.

2B and 3B). These solution FTIR results have provided the key for interpreting the

deposited MbCNR structures in terms of their relevance to proposed models for diatomic

ligand movement into and out of myoglobin (42). Our conclusion is that the Ariadne's thread

analogy does apply, but in a more complex way than Frauenfelder and we originally

envisioned. Dissociated diatomic ligands do appear to move in opposite directions

depending on the time scale examined. The ligands first move rapidly to the protein interior

but then come back again to the active site on longer nanosecond time scales to escape

through the His(E7) gate, following paths defined by the two positions of the longer side

chains of bound alkyl isocyanides. The position of the ligand side chain in the out

conformation of native MbCNC4 provides the first experimental structural model of the

transition state for diatomic ligand movement through the E7 channel of Mb.
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MATERIALS AND METHODS

Crystallization of Native and Recombinant Sperm Whale Myoglobin

All of the MbCNR structures described in this paper were determined between 1989 and

1999, and the coordinates and structure factors were deposited previously in the Protein

Data Bank with the accession codes listed in Table 1. Summaries of the conditions, data

collection, and refinement are given below and in Johnson (30) and Smith (33).

Native sperm whale Mb (ferric) was purchased from Sigma before the ban on whale

products and crystallized without further purification according to Takano (43). The crystals

grew within two weeks and were > 0.5 mm in the longest dimension. Recombinant sperm

whale Mb was prepared as described in Rohlfs et al. (37, 44) and crystallized according to

Quillin et al. (39). The crystals grew within four to six weeks and were ~1 mm in the longest

dimension.

Preparation of the isocyanide derivatives

The isocyanides were prepared as described in Reisberg and Olson (27, 45, 46). The reduced

Mb complexes were prepared by: (a) placing two or three metmyoglobin crystals in 5 ml of

3.2 M (NH4)2SO4 and either 100 mM sodium phosphate buffer, 1 mM EDTA, pH 7.0 for

native Mb, or 100 mM Tris base, 1 mM EDTA pH 9.0 for the recombinant myoglobins; (b)

gently bubbling this solution with nitrogen in a sealed container; (c) injecting 10 μl of neat

isocyanide; and (d) after a few minutes, slowly injecting 25 mg sodium dithionite dissolved

in 2 ml of the appropriate N2-bubbled ammonium sulfate/buffer solution over a period of

several minutes. All of these manipulations were carried out in an anaerobic glove box to

prevent oxygen contamination.

The first crystal generated was native MbCNC2 buffered with 0.010 M phosphate solution.

The metMb crystal was reduced with a 6-fold greater sodium dithionite concentration to

remove residual O2 and reduce the heme iron atoms. After removal of the crystals, the pH of

the mother liquor was measured as quickly as possible with brief exposure to air and found

to be 5.6. Replication of these low phosphate conditions without crystals also resulted in a

solution pH ≤ 6.0. To avoid this drop in pH, the buffer concentration was raised to 0.1 M

phosphate and much less dithionite was used. Under these conditions, the pH remained at

7.0 after crystallization.

To verify that an isocyanide-Mb complex was formed, crystals were smashed between glass

slides, sealed with wax in an anaerobic chamber, and then transferred to a spectrophotometer

for analysis. To change the pH from 7.0 to 9.0 for native Mb crystals and from 9.0 to 7.0 for

V68F recombinant Mb P6 crystals, the 0.1 M phosphate and Tris buffers were exchanged in

steps before the addition of butyl isocyanide and sodium dithionite.

Crystal mounting, data collection, and refinement

All manipulations were carried out in an anaerobic chamber. A crystal in mother liquor was

transferred to a 1 mm internal diameter quartz capillary tube, followed by addition of
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anaerobic mineral oil containing the appropriate alkyl isocyanide. The capillary was then

sealed with wax.

Except as noted, diffraction data were collected at room temperature utilizing a Siemens

rotating Cu anode source and the following detectors: for native MbCNC1 and native

MbCNC3, a Siemens multi-wire area detector; for native MbCNC2 at pH 5.6, a Nicolet P21

serial diffractometer on a sealed-tub X-ray source; for native MbCNC2 at pH 7, a Siemens

P4 serial diffractometer; and for native MbCNC4 (pH 7 and 9), and for the recombinant Mb

complexes, a Rigaku R-AXIS IIC imaging-plate detector. The native myoglobin crystals

grown at pH 7.0 and the recombinant myoglobin crystals grown at pH 9.0 had P21 and P6

symmetry, respectively.

All data sets were reduced and merged with XDS and XSCALE (47), except those collected

on the Nicolet and Siemens serial diffractometers where PROCESS (48) and Siemens

software were used, respectively. All data sets were phased by molecular replacement.

Refinement of the low pH MbCNC2 data was initially done with the program PROFFT (49,

50) and then completed with XPLOR (A. T. Brunger) version 2.3. The latter program was

used exclusively in refinement of the native Mb-CNC1, -CNC2, and -CNC3 structures,

whereas XPLOR ver. 3.851 was used for the remaining structures. The range of variations of

bond lengths and bond angles from ideal values was 0.01 to 0.03 Å and 1.2 to 2.2 degrees,

respectively for all structures. The number of Ramachandran plot outliers was either zero or

one for all structures. Completeness in the last shell of data was typically over 90% with R-

syms below 0.35. The first structure refined with two conformations for the distal histidine

and ligand side chains was that for MbCNC3 (Fig. 1, upper row, third panel). These side

chains were retained using grouped occupancy for all refinement iterations. Subsequent

models were derived with these groups omitted during the first iterations, then added back

for two final rounds.

FTIR Measurements

The samples were prepared as described in the previous paper of this series (51). Each

concentrated MbCNR solution was transferred by pipet to the center of a 40 μm well of a

calcium fluoride cell. Spectra were recorded in a N2-purged Nicolet Nexus 470 FTIR

spectrometer (Nicolet Instrument Corp., Madison, WI) and analyzed as described in Blouin

and Olson (51).

Molecular modeling

The molecular graphics program PyMOL from DeLano Scientific, copyright 2006, which

incorporates Open-Source PyMOL versions 0.99rc6 and 0.99rev8, was used to generate

figures, density maps, crystal symmetry mates, virtual residue replacements, vacuum

electrostatic potential surfaces, distance and angle values, and structure alignments. The

“align” function minimizes the RMSD distance between the selected atoms followed by two

cycles of refinement where outliers are dropped from the minimization.
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RESULTS

The CNR Orientation is Length Dependent in P21 Crystals of Native Mb, but not in P6
Crystals of wt Mb

As described in the introduction, the conformation of the distal histidine and the bound CNR

shows a marked dependence on the length of the ligand side chain in native Mb P21 crystals

at pH 7.0 (Fig. 1, top row). In the native MbCNC1 structure the ligand bends inward toward

the protein interior. The His64 side chain in this structure is modeled in a closed position

with Cε and Nε near the heme plane and bound ligand, respectively. However, the presence

of a minor secondary out conformation is indicated by the unmodeled “bleb” of electron

density located near the Asp60 side chain (Fig. 1, top left). Maurus et al. (52) found that

replacement of the distal histidine with a smaller threonine in horse heart metMb allowed

bound azide to adopt alternate conformations that are similar to those observed for the

bound ligand in native sperm whale MbCNC1. In solution, the occupancy of the out

conformation for CNC1 bound to Mb is ~35% as determined from its FTIR spectrum (Fig.

2B; Table 2; (41)).

The solution FTIR spectrum of native MbCNC2 indicates the presence of only 15% out

conformers (Table 2) in spite of the potential of this larger ligand to sterically hinder His64

in its closed conformation. Predominance of the in conformer is also seen in both the native

P21 and wt P6 MbCNC2 crystal structures (Fig. 1), which show that the ethyl group of the

ligand points into the back of the distal pocket with a well-ordered and closed histidine gate.

The increase in the fraction of in conformers for bound CNC2 compared to CNC1 is

explained by the inductive effect, which alters the isocyano bond order and C-N-C geometry

(53). Alkyl groups act as electron donors that promote the neutral sp2 form of the nitrogen

atom in isocyanides. A single methyl group is a poorer electron donor than ethyl and other

substituted alkyl side chains. Thus, there is less electron density on the isocyano N atom of

CNC1, a greater C-NR bond order, and a more upright geometry for the first three atoms of

the FeCNCH3 complex than for the FeCNCH2CH3 complex. The more upright conformer

tends to force the His64 side chain outward and the lesser electron density on the ligand N

atom weakens hydrogen bond donation from His64. The occurrence of a greater bond order

for bound CNC1 compared to the larger CNRs is verified by the higher νCN values in the

FTIR spectra of CNC1 bound to model heme and Mb mutants with apolar binding pockets

(51).

The 2Fo-Fc electron density map for native MbCNC3 indicates the presence of both in and

out conformations (Fig. 1), whereas the map for native MbCNC4 shows only the out ligand

conformation (Fig. 1, top right). small amounts of electron density are apparent in the back

of the distal pocket of native MbCNC4, suggesting the presence of a small fraction of in

conformation. The electron density trailing off the end of the CNC4 butyl chain and into the

solvent phase cannot be assigned to alternate rotomers of the ligand and may be due to

crystallographic waters.

In contrast to the native MbCNR structures, the conformations of CNRs bound to wt

recombinant Mb in P6 crystals at pH 9.0 depend little on ligand length (Fig. 1, bottom row).
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The distal histidine is in the closed position and the ligand side chain is in the back of the

distal pocket in all four structures with well-defined electron density for most of the ligand

atoms. The C≡N-C fragment of each isocyanide ligand leads from the iron atom toward

Leu32 due to steric pressure from Val68, which is not shown. This ligand geometry is also

observed for MbO2 and MbN3 complexes. The fourth alkyl carbon of CNC4 and the Cδ of

Ile107 show less well defined electron densities, suggesting steric clashes and

conformational disorder (Fig. 1, bottom right).

In solution, there is a progressive decrease in the proportion of ligands in the in

conformation from 82% for MbCNC2 to 47% for MbCNC4, which is observed as a smaller

intensity for the low frequency or in νCN band and greater intensity for the high frequency or

out νCN band (Fig. 2B). In solution there are roughly equal populations of the in and out

conformers for MbCNC4 at either pH 7 or 9 (Fig. 2B, bottom right). Thus, there are

significant discrepancies between the conformer distributions both between the two crystal

forms and between each crystal form and those observed in solution.

Ligand Length and pH Act Synergistically to Change the in/out Ratio in Mb P21 crystals

Recombinant wt myoglobin has an N-terminal initiator methionine (Met0) and an N122D

mutation (37, 38), which do not significantly alter the protein structure or function, as

assessed by unfolding studies (54) and ligand binding measurements (44), but do require

adjustment of the crystallization conditions to pH 9.0 in Tris buffer (38). As a result, wt Mb

crystals pack with P6 symmetry instead of the P21 symmetry observed for native Mb at pH

7.0 (38). In spite of these crystallization differences, the positions of the backbone atoms,

distal residues, heme, and the bound diatomic ligands are very similar (38, 39). The same

identity is observed for refined models of wt MbCNC2 at pH 9.0 and native MbCNC2 at pH

7.0 (Fig. 1).

However, the crystal structures of wt versus native MbCNC3 or MbCNC4 are markedly

different (Fig. 1), and changes in protonation of His64 could provide an explanation. Yang

and Phillips found that in native MbCO crystals at pH 4.0, His64 is rotated outward (55).

This effect was attributed to protonation of His64 and its movement outward into solvent for

better solvation of the positively charged imidazolium cation (55). In this rotomer, a proton

on the Nδ of His64 donates a strong hydrogen bond to the backbone carbonyl oxygen of

Asp60. Raising the pH of these native MbCO crystals from 4.0 to 5.0 causes the His64 side

chain to rotate into the closed conformation (55). The apparent pKa of ~4.5 for this transition

in the P21 crystals is most likely due to protonation of the distal histidine.

In the native MbCNC2 structure determined at pH 5.6, the His64(E7) conformation is

similar to that found for the native MbCO structure at pH 4.0 (Fig. 2A, top left; Fig. 2B).

The distal histidine side chain is clearly rotated outward and away from the bound ligand,

creating an opening between the solvent and the binding pocket. The distance between

His64 Nδ and Asp60 O' in the low pH native MbCNC2 structure is 2.6 Å (Table 1),

indicating either hydrogen bonding or favorable Coulombic interactions, as was observed in

the pH 4.0 MbCO structure (55). The CNC2 ligand was modeled with an inward

conformation, but the observed electron density near the iron atom indicates conformational

heterogeneity (Fig. 2A, top left), especially when compared to the ligand electron density of
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the native MbCNC2 complex determined at pH 7.0 (Fig. 2A, top right). For the pH 7

complex, His64 is rotated into the distal pocket (Fig. 2A, top right) and donates a hydrogen

bond to the CNC2 isocyano group.

The His64 side chain occupancies for the three MbCNC2 complexes listed in Table 2 reveal

a trend from low to high pH of more to less disorder in its position. In the low-pH native

MbCNC2 structure, His64 is modeled in the open position with an occupancy for the

imidazole ring of ~0.5. A lobe of density contiguous with that assigned to the ligand is

observed in the direction of the heme propionates (Fig. 2A, top left). This density coincides

with the positions of the Nε and Cδ atoms in the closed His64 conformation, and could

represent partial occupancy of this rotomer. The closed His64 positions in the native

structure at pH 7.0 and the wt structure at pH 9.0 have occupancies of 0.84-1.00 (Table 2).

The occupancies of CNC2 are similar in all three MbCNC2 structures and have values of

0.89 (low pH/native Mb), 1.00 (pH 7/native Mb), and 0.84 (pH 9/wt Mb).

Increasing the ligand length has a similar effect on the His64 conformation as decreasing the

pH. In the structures of CNC3 or CNC4 bound to native Mb in P21 crystals at pH 7.0, steric

hindrance from the back of the distal pocket is sufficient to “push” the ligand alkyl group

into the His64 side chain and force it outward into the open conformation. The electron

density for CNC4 bound to native Mb in P21 crystals at pH 7.0 is well ordered and points

primarily outward, leading from the coordinating iron atom and out into solvent (Fig. 1, top

right; Fig. 2A, bottom left). This increase in the out population caused by the larger CNC4

ligand can be reversed by raising the pH of the P21 crystals of native MbCNC4 from 7.0 to

9.0 (Fig. 2A, bottom right). Remarkably, the bound CNC4 ligand in P21 crystals at pH 9.0 is

rotated by 180° compared to its position at pH 7.0 and points inward with His64 rotated into

its closed conformation. No other significant structural changes for the amino acids within

the distal pocket were resolved that could account for this pH effect. However, structural

changes outside the binding site were found including a switch from a type I turn at pH 7.0

to a type II turn at pH 9.0 in the GH-corner and globally larger B-factors for the pH 9.0

structure. It is possible that delocalized structural changes result in a small overall expansion

of the distal pocket that is not detectable at the observed data resolution.

The effect of pH on P6 crystals of wt MbCNC4

As shown in Figure 1, bound CNC4 displaces the His(E7) side chain from the distal pocket

of native Mb in P21 crystals at pH 7.0, but not when it is bound to wt Mb in P6 crystals at

pH 9.0. Increasing the pH of the native MbCNC4 complexes from 7.0 to 9.0, resulted in the

loss of the out conformation and the appearance of the same in conformation observed in the

pH 9.0 wt MbCNC4 complex (Fig. 2A). We attempted to bring wt MbCNC4 P6 crystals

from pH 9.0 to pH 7.0, but in each experiment the crystals became disordered and no

diffraction data could be collected. However, we were able to obtain P6 V68F MbCNC4

crystals at pH 9.0, which show a dominant in conformation (PDB ID 107m), and then drop

the pH of these mutant crystals to pH 7.0. The resolution of the resulting structure (2.7 Å;

Table 1; PDB ID 108m) was too poor for a detailed analysis, and the presence of the large

phenyl side chain at the E11 position complicates comparisons with the wt and native forms

of Mb. In spite of these limitations, the electron density pattern clearly indicated the
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presence of both the in and out conformers in the P6 structure of V68F MbCNC4 at pH 7.0

(Table 2). It is unclear if the reduction in pH altered intramolecular or intermolecular

structures within the crystal. No such pH-dependent conformational change of the bound

CNC4 was observed by FTIR for V68F Mb in solution (Table 2, Fin values).

n-Butyl isocyanide points outward when His64 is removed or made more flexible

At acidic pH, protonation of His64 favors opening of the E7 gate to facilitate hydration of its

imidazole cation. However at neutral and basic pHs, which are well above the pKa of the

His(E7) side chain, the cause and effect relationship between pH and the in/out equilibrium

in Mb crystals is less clear. In solution, the fraction of in versus out conformers does not

vary between pH 7 and 9 (Fig. 2B). It is possible that an increase in alkalinity of the crystal

environment may either force the His64 side chain into the distal pocket or make the distal

pocket less sterically restrictive, and therefore significantly lower the free energy of the in

CNR conformation. To help differentiate between the two above scenarios, the His(E7) gate

was removed by the H64A mutation, and, separately, made less restrictive by a F46V

replacement. In P6 pH 9 MbCNC4 crystals of both mutants, the ligand alkyl group points

out into solvent with ~60 to 80% occupancy in the structures, and an out fraction of greater

than 70% is observed in the solution FTIR spectra (Fig. 3A, bottom row; Table 2). Thus, the

out conformer can occur in P6 crystals at high pH if the His(E7) gate is made significantly

smaller or more flexible.

In H64A MbCNC4, there is clearly resolved electron density in the 2Fo-Fc map for the

ligand in the outward-pointing orientation (Figure 3A, bottom left). A very small bleb of

residual density is observed in the back of the distal pocket, which may represent a minor

fraction of the ligand in that space. There are no large deviations of side chain rotomers from

those observed for the wt MbCNC4 complex, although, the loss of the H64 side chain does

causes the E-helix to move ~0.5 Å toward the CD corner. The H64A MbCNC4 crystal

structure clearly indicates that the butyl group of CNC4 is sterically restricted in the back of

the distal pocket and will point outward toward solvent, if this movement is not inhibited by

a closed distal histidine conformation. The FTIR spectrum does not report on the solution

conformation of H64A MbCNC4 since there is no distal histidine and therefore no

conformationally-dependent hydrogen bond donation to the bound isocyano group. One

peak is observed for this complex at 2108 cm −1 and is indicative of an apolar environment,

which would occur in either in or out conformations in the absence of the distal histidine

(Fig. 3B).

The crystal structure of F46V MbCNC4 shows results similar to those observed for H64A

MbCNC4. In this Mb mutant, substitution of the smaller valine residue for the highly

conserved Phe at the CD4 position creates an open space adjacent to the distal histidine.

Without steric hindrance from Phe46(CD4), the adjacent E-helix bends by ~1 Å toward the

CD-corner, and the His64(E7) side chain can easily rotate about its Cα-Cβ bond (χ1) into the

open conformation and about its Cβ-Cγ bond (χ2) by ~46° so that the edge of the imidazole

ring partially fills the space left by the missing Phe46 benzyl side chain. The latter Cβ-Cγ

rotation creates a larger opening into the distal pocket in the crystal structure (Fig. 3A,

bottom right), and probably in solution (56), than is observed in the other Mb structures with
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an open His64 conformation. Unlike the wt and native MbCNC4 complexes, the conformer

distribution in the F46V MbCNC4 crystal structure appears to approximate that found in

solution. In the FTIR spectrum of F46V MbCNC4, there is a major out peak at 2112 cm −1

with only a slight shoulder at the lower in peak in the 2070-2080 cm −1 region (Fig. 3B,

lower spectrum).

DISCUSSION

In the past, large alkyl isocyanides were used to amplify and highlight steric constraints

encountered by the smaller diatomic ligands in their reactions with Mbs, Hbs, and P450s

(27, 57-66). Our motivation for solving the crystal structures of straight-chain CNRs bound

to Mb was to use the alkyl side chain to visualize ligand pathways from the heme iron atom

out into solvent. Two ligand pathways were identified, one through the distal histidine gate

and one into the back of the distal pocket (Fig 1, in and out conformers of MbCNC4). The

free energies of the individual bound CNR conformations have a complex dependence on

the solution and crystallographic environments (Figs 1-4). There is no clear mechanism to

explain the conformational differences observed for the P21 versus P6 MbCNC3 and

MbCNC4 crystal structures. Our FTIR solution measurements indicate that all of the bound

CNC3 and CNC4 conformations identified separately by X-ray crystallography are present

in solution, and in the case of MbCNC4, the in and out conformers are found in roughly

equal populations in the pH range from 7 to 9. (Figs. 2B and 3B; Table 2, Fin values; (51)).

Phillips' group showed that the solution dynamics of Mb are most accurately represented by

a composite of Mb X-ray structures from four different crystal forms due to packing

constraints (67, 68). Our results show that composite crystal structures are also required to

describe the solution properties of MbCNC4, which has roughly equal populations of

alternate in versus out ligand conformers. These conformers are “frozen out” separately in

the P21 and P6 crystal forms. The pH of the mother liquor also has a large effect on the free

energy penalty for opening the histidine gate versus that for sequestering CNC4 within the

binding pocket. As shown in Fig. 2, raising the pH of native MbCNC4 crystals from 7.0 to

9.0 results in an inward movement of the ligand side chain. However, in solution, there are

no changes in the distribution of in versus out conformers between pH 7 and 9, and an

increase in the amount of out conformer does not occur until the pH is lowered to < 6.0 (Fig.

3; (51)).

Comparisons of the Binding Pocket Structures for Mb in P21 versus P6 crystals

Several MbCO structures have been deposited in the PDB library and were used to try to

isolate any shifts in side chain placements due to differences in crystal space group packing

and pH conditions from those for large ligand-induced movements (Fig. 4). There is no

dependence on crystallographic space group for the distal pocket volumes, calculated with

the web based CASTp server (69) after deletion of the ligand atoms, nor for the total protein

volumes, calculated with Blue Star Sting Millennium (70, 71), for either the MbCO or the

MbCNR structures shown in Fig. 4. (data not shown).

MbCO and MbCNC4 structures were aligned in Pymol by their Cα atoms to compare the

positions of the distal pocket side chains (Fig. 4A). There are consistent differences between
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the group of three native MbCO structures and the pair of wt MbCO structures in side chain

and heme locations, but they are subtle and imprecise given the resolutions and the potential

model bias for the crystal structures. A second comparison was made by aligning the atoms

in the heme pyrroles and the carbon atoms directly attached to them (Fig 4B). This frame of

reference better represents the steric environment encountered by a ligand, but hides

crystallographically induced shifts of the heme groups. For example, the Cα alignment in

Fig. 4A shows that the heme group of the native MbCNC4 complex at pH 7 lies more

toward solvent (at left) relative to the wt Mb structures at pH 9. In the heme aligned

structures in Fig. 4B, the displacements of the distal pocket side chains are slightly larger

between the native (light blue) and wt (red) MbCO structures.

The heme alignment also emphasizes the relative change in position of the distal pocket

residues in response to steric clashes with bound CNC4, as compared to CO. The Val68 Cγ2

directly contacts and sterically hinders the first two ligand atoms bound at the heme iron (40,

72, 73). The Cγ2 atom is positioned laterally just to the front of (left) and just to the back of

(right) the iron atom in P6 and P21 MbCNC4 crystal structures, respectively (Fig. 4B). Thus,

in the P21 crystals (pH 7.0) of MbCNC4, this atom may be restricting the in conformation

and favoring outward movement of the ligand butyl group, whereas in the P6 crystal

structure of wt MbCNC4, the Val68 Cγ2 is closer to the solvent side of the iron, perhaps

favoring the in conformation (black structure in Fig. 4B).

The largest side chain shift occurs for Phe46(CD4). Mutation of this residue to the smaller

amino acid valine causes the His(E7) gate to open in P6 crystals of both MbCO (74) and

F46V MbCNC4, confirming that Phe46 sterically controls movement of the His64 side

chain (Fig. 3). The phenyl ring is further from the iron atom in all of the P6 structures and

should facilitate the in conformation for His64 and bound CNC4. In the P21 structures the

Phe46 side chain is closer to the iron, reduces the space available to the His64 imidazole

ring in its closed conformation, and promotes its outward rotation, particularly under the

steric pressure exerted by large bound isocyanides.

The effects of pH, crystal packing, and electrostatic interactions on the crystal structures
of MbCNC4

The in versus out ratio for MbCNC4 conformers in solution does not change between pH 7.0

and 9.0 (Fig. 2B; Table 2). If a significant proportion of His64 in the out conformer were

protonated at pH 7.0, then increasing the pH to 9.0 would result in an decrease in the

absorbance of the out peak at 2083 cm −1 and an increase in the intensity of the in peak at

2113 cm −1 (Fig. 2B). However, there is no change in the in to out ratio, which is ~0.5 at

both neutral and high pH. Only when the solution pH is lowered to 5.8 does the relative

intensity of the out peak increase significantly suggesting that the pKa of His64 in solution is

below 6.0 for MbCNR complexes. This conclusion is supported previous work with MbCO,

both in crystals and in solution, where the pKa for the imidazole group has been estimated to

be 3.8 for the closed conformation and 6.0 for the open conformation (75), with a net value

of 4.5 for the overall transition (76).

In addition to the positions of Val68 and Phe46, another cause for the difference between the

solution, P6, and P21 MbCNC4 structures is shown in Fig. 4C. In the P21 crystal form,
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adjacent Mb molecules pack closely together at the D helix and CD corner regions, and part

of this interface contains a well-defined sulfate anion. As a result, the Asp60 side chain is

forced toward His64 (χ1 ≈ −160° ± 10°) by the Thr51 methyl group of an adjacent Mb

molecule and by repulsion from the bound sulfate anion (Fig. 4C, blue sticks). In P6 crystals

of Mb, this crystal contact and the sulfate anion are absent (Fig. 4C, red sticks), and the

Asp60 side chain is allowed to rotate outward (χ1 ≈ −80° +/− 10°) and adopt the preferred

χ1 rotomer for an aspartate side chain on an α-helix (77). In solution, neither a protein

protein interface nor a bound sulfate are present to influence the Asp60 side chain

conformation.

In the out conformation for P21 crystals of MbCNC4 at pH 7, the Asp60 carboxylate and the

His64 imidazole are in van der Waals contact (Fig. 4C, blue sticks), This proximity should

raise the His64 pKa markedly and stabilize the out conformation by favoring an electrostatic

interaction between the His64 imidizolium cation and the Asp60 carboxylate anion. Raising

the pH of these crystals would eventually deprotonate His64, favoring the in conformation,

which is observed in the structure of native MbCNC4 in P21 crystals at pH 9.0. The P21

crystallographic interface shown in Fig. 4C also includes an Ala53-Cβ/Arg45-O' contact that

may alter the conformations of Arg45 and Phe46, and secondarily His64 (74, 78-80).

However, the crystal structures do not offer direct evidence that these structural elements are

interdependent.

Correlations with the His(E7) Gate, Side Pathway Mechanism for Diatomic Ligand Binding

Regardless of the exact interpretations, it is clear that the free energies of the in versus out

conformations are very similar for bound CNC3 and CNC4, and small crystal packing

perturbations can easily change the relative populations. Significant amounts of both

conformers are observed in the solution FTIR spectra, and poor occupancies of CNC3,

CNC4, and the His64 side chain are observed in the crystal structures, implying significant

conformational disorder. Presumably the flexible butyl group of bound CNC4 finds low

energy pathways or channels near the Mb active site. One pathway points into the back of

the distal pocket and the other leads out of the protein through the E7 channel (Figs. 1-3).

These ligand pathways are very similar to those predicted for movement of photodissociated

O2 in the E7-gate/side-path model supported by the mutagenesis mapping of Scott et al. (9,

81) and for the movement of CO in time resolved crystallographic experiments (17-23). In

both measurements, dissociated ligands appear to first move into the back of the distal

pocket but only escape the protein by moving back over the heme and out through the

His(E7) gate.

The latter movement through the E7 channel has never been “seen” or detected directly by

time resolved spectroscopy or crystallography because there are no stable transient states

along this short pathway. Even in molecular dynamics simulations the ligand is not “found”

to any great extent in the E7 channel. The crystal structures for the long-chain isocyanide

complexes provide the first direct experimental structures of plausible transition states for

diatomic ligands entering Mb through the E7 gate and then being captured in the back of the

distal pocket.

Smith et al. Page 12

Biochemistry. Author manuscript; available in PMC 2014 June 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Our conclusion that the in and out ligand side chain conformers of bound CNRs represent

diatomic ligand pathways is supported by the structures of the F46V and H64A MbCNC4

complexes. Compared to wt Mb, both of these mutants have markedly increased fractions of

CNC4 out conformers (Fig. 4), which correlate with increased bimolecular rate constants

and decreased fractions of geminate recombination for diatomic gases. Thus, Frauenfelder's

idea that long chain isocyanides are analogous to Ariadne's thread has proved to be correct,

even if the route of escape involves initial movement into the protein interior and then

reversal of direction back over the heme and out through the E7 gate.
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BRIEFS

Alkyl isocyanides bind to myoglobin in two major conformations, one pointing through

the histidine “gate” and one occupying state “B” in the back of the binding pocket.
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Figure 1.
X-ray crystal structures of native Mb CNC1 through CNC4 (top row) and wt Mb CNC1

through -CNC4 (bottom row). For native Mb, in P21 crystals at pH 7.0, an increase in the

isocyanide length corresponds to a greater occupancy of the open conformation of His64

(orange 2Fo-Fc electron density surface) and the out conformation of the ligand (blue 2Fo-

Fc electron density surface). However, for wt Mb in P6 crystals at pH 9.0, little

conformational variation with CNR chain length is observed. Stick representations show the

heme (white) and key amino acid side chains (CPK with yellow carbons) of the refined

structures. 2Fo-Fc electron density surfaces are shown in orange, blue, and gray for the

His64, ligand, and other side chains, respectively.
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Figure 2.
A. Dependence of the His64 conformation on the CNR length and pH for native Mb in the

P21 crystal structure. The 2Fo-Fc and stick color schemes are given in Fig. 1. B. The

conformations of MbCNRs in solution are relatively invariant with pH between ~6 and 9.

Smith et al. Page 20

Biochemistry. Author manuscript; available in PMC 2014 June 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
A. The effects of mutations that reduce steric hindrance by His64 on bound CNC4. In P6

crystals at pH 9.0, the bound ligand changed from the in conformation for wt MbCNC4 to

the out conformation for both the H64A (bottom left) and F46V (bottom right) MbCNC4

complexes. B. The effects of the same mutations on the νCN bands in FTIR spectra. The IR

spectra were collected at pH 7.0 in 0.1 M phosphate buffer.
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Figure 4.
The effect of the crystal form (P21 and P6) on the distal pocket structures of MbCO and

MbCNC4. A. The binding pocket residues and heme groups of Mb structures aligned by all

protein Cα atoms, including native Mb (P21 crystals, pH ~7.0) complexed to CO (light blue;

PDB IDs 1bzr, 1vxf and 1mbc) and CNC4 (dark blue; this work), and wt Mb (P6 crystals,

pH 9.0) complexed to CO (red; PDB IDs 2mgk and 1jw8) and CNC4 (black; this work). The

ligands are not shown. B. The same structures were aligned by superimposing the atoms of

the heme plane. This alignment emphasizes crystal lattice-dependent variations in the

positions of the distal pocket amino acid side chains relative to the ligand heme complex. C.
Intermonomer contacts and sulfate binding at the CD-corner of Mb that are present in P21

but not P6 crystals. The structures, colors and alignment are as in panel A. Spheres are

shown with van der Waals radii for the native MbCNC4 Thr51-Cγ; Asp60-Cγ, Ala53-Cβ,

His64-Cε, Arg45-O', -Nη1 and -Nη2, and sulfate atoms, and for the wt MbCNC4 Asp60-Cγ

and heme propionate O1D atoms.
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Table 1

X-ray data collection and refinement statistics.
a

CNR Complex pH dmin (Å) Comp. (%) Rsym (%) Rfinal (%) Rfree (%) PDB ID

native MbCNC1 7.0 1.9 80.5 5.9 13.6 NC 2myb

native MbCNC2 5.6 1.7 95.9 6.5 16.0 NC 2mye

native MbCNC2 7.0 2.0 88.9 18.5 15.9 NC 2mya

native MbCNC3 7.0 1.8 84.5 7.1 13.3 NC 2myd

native MbCNC4 7.0 1.7 92.0 4.0 15.4 22.5 104m

native MbCNC4 9.0 2.0 90.7 7.1 17.4 26.8 105m

wt MbCNC1 9.0 1.8 88.2 5.2 15.6 21.5 110m

wt MbCNC2 9.0 1.8 80.7 4.4 14.7 21.3 109m

wt MbCNC3 9.0 2.3 87.6 12.9 15.0 23.9 112m

wt MbCNC4 9.0 1.9 98.7 5.3 16.2 22.5 111m

F46V MbCNC4 9.0 2.1 99.9 7.0 15.7 20.2 101m

H64A MbCNC4 9.0 2.1 98.4 7.2 15.8 21.6 103m

V68F MbCNC4 7.0 2.7 99.0 9.8 12.4 22.6 108m

V68F MbCNC4 9.0 2.1 91.7 6.9 16.7 23.0
107m

b

a
The pH listed is that of the crystal liquor during data collection. dmin is the data resolution. Comp.= completeness. NC (not calculated) is listed

for Rfree for the structures refined at a time before this statistic was routinely determined.

b
A V68F Mb-ethyl isocyanide complex has been deposited into the PDB as 106m, but it is not discussed in this manuscript.
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