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ABSTRACT. The isopropyl side chain of valifiéin myoglobin has been replaced by the acetamide side
chain of asparagine in an attempt to engineer higher oxygen affinity. The asparagine replacement introduces
a second hydrogen bond donor group into the distal heme pocket which could further stabilize bound
oxygen. The V&Bto Asn substitution leads te3-fold increases in oxygen affinity and-4-fold decreases

in CO affinity. As a result, théVl-value Kco/Ko,) is lowered 15-20-fold to a value close to unity. An

even larger enhancement of, @ffinity is seen when asparagfids inserted into H64L sperm whale
myoglobin which lacks a distal histidine. The overall rate constants for oxygen and carbon monoxide
binding to the single V68N myoglobin mutants are uniformly lower than those for the wild-type protein.

In contrast, the overall rate constant for NO association is unchanged. Analyses of time courses monitoring
the geminate recombination of ligands following nanosecond and picosecond flash photolysis of MbNO
and MbQ indicate that the barrier to ligand binding from within the heme pocket has been raised with
little effect on the barrier to diffusion of the ligand into the pocket from the solvent. The crystal structures
of the aquomet, deoxy, oxy, and carbon monoxy forms of the V68N mutant have been determined to
resolutions ranging from 1.75 to 2.2 A at 150 K. The overall structures are very similar to those of the
wild-type protein with the principal alterations taking place within and around the distal heme pocket. In
all four structures the asparagffiside chain lies almost parallel to the plane of the heme with its amide
group directed toward the back of the distal heme pocket. The coordinated water molecule in the aquomet
form and the bound oxygen in the oxy form can form hydrogen-bonding interactions with both tffe Asn
amide group and the imidazole side chain of ®isSurprisingly, in the carbon monoxy form of the
V68N mutant, the histidirfé side chain has swung completely out the distal pocket, its place being taken
by two ordered water molecules. Overall, these functional and structural results show that the agparagine
side chain (i) forms a strong hydrogen bond with bound oxygen throughNtd, group but (ii) sterically
hinders the approach of ligands to the iron from within the distal heme pocket.

The capacity of the polypeptide chains of myoglobin and titatively the contribution of the distal histidine residue (E7)
hemoglobin to adapt the properties of their heme cofactorsand shown that the polarity of its imidazole side chain is
to discriminate effectively between,@nd CO ligands is  dominant in governing the relative affinities for CO and O
essential for aerobic respiration. A large number of studies as manifested in thtM-value M = Kco/Ko,). In deoxy-
have addressed the structural basis of this discrimination,myoglobin, the N-H of the imidazole stabilizes a nonco-
the most recent of which have used site-directed mutagenesivalently bound water molecule in the distal pocket through
approachesl( 2). These experiments have evaluated quan- the formation of a hydrogen bond. This water molecule has
to be displaced from the distal pocket before diatomic ligands
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These observations suggested that the introduction of ais confirmed by the high-resolution structures determined in
second hydrogen bond donor group adjacent to the boundthis work.
ligand, through a valirfé (E11) to threonine mutation, might
enhance ligand discrimination even further. Characterization EXPERIMENTAL PROCEDURES
Preparation of Mutants The valiné® to asparagine

of this mutant showed that although the substitution does
substitution was introduced by oligonucleotide-directed mu-

lower CO affinity 6-fold, the predominant effect is a 17-
fold decrease, not increase K@, (4). The crystal structure  tagenesis of the pig myoglobin coding sequence. Wild-type
of the V68T protein reveals that theOH group of and mutant myoglobins were expressed from fhé>
threoniné&® donates a hydrogen bond to the main chain car- promoter as fusion proteins with the N-terminal 31 residues
bonyl oxygen on histidirf¢ with the result that the non-  of bacteriophageé Cll connected via a tetrapeptide (I-E-K-
bonding electrons of the hydroxyl oxygen are oriented toward R) which serves as a protease cleavage slig (7).
the iron. This orientation stabilizes noncovalently bound Overproduction is induced by raising the growth temperature
water in deoxymyoglobin but destabilizes boungvhich of the crypticA lysogen Escherichia coliM5219, which
has a partial negative charg®).( harbors the temperature-sensitie#®>” mutation, to the
Unexpectedly, the replacement of leughéB10) with nonpermissive temperature (from 28 to 42). The fusion
phenylalanine lowers thil-value of myoglobin by a factor  protein is expressed as inclusion bodies from which intact
of 10 by markedly raising the affinity for £and leaving myoglobin can be generated following resuspension in urea,
that for CO unchanged. This effect was interpreted in terms reconstitution with hemin, and mild trypsin treatmeh8)
of favorable electrostatic interactions between the positive This expression strategy allows V68N myoglobin to be
edge of the phenyl multipole and the partial negative charge purified in high yield, avoiding the problems associated with
on the second bound oxyge®)( Goldberg and co-workers  the intracellular instability of V68N apomyoglobin, which
have shown that the abnormally high oxygen affinity of were encountered when sperm whale V68N was expressed
Ascarishemoglobin is due to an additional hydrogen bond constitutively ((3). The sperm whale V68N and H64L/V68N
between bound Pand a Tyr at the B10 positiorY). The myoglobins were constructed by cassette mutagenesis,
single L29Y (B10) mutation in sperm whale myoglobin fails expressed ift. coli TB1 cells, and purified as described in
to mimic this behavior§), althoughKo, is increased by the  Springer et al. 3) and Hargrove et al.1Q).
triple substitution H64Q-L29Y-T67R9j. Preparation of Crystals.Crystals of wild-type and mutant
To examine the role of polar interactions in the distal metMbs were grown in hanging drops from-780% (v/v)
pocket further, we have replaced vafifwith asparagine in ~ stock solutions of saturated ammonium sulfate in 0.1 M
a second effort to provide a hydrogen-bonding interaction phosphate buffer (pH 7.1) and 10 mg/mL protein. For the
from the E11 position. The side chain of asparatjfirie aquomet form, crystals were transferred to a solution of
roughly the same size as that of leucine, whose introduction mother liquor containing 25% sucrose and 10% glucose.
at position 68 has minimal effects on the structure and After a 30-min soak in this cryoprotectant solution, a crystal
function of myoglobin {0). The asparagine amide group was rapidly frozen in a stream of liquid nitrogen gas at 150
has the capacity to serve as either a hydrogen bond donoiK. Freezing of crystals in this way extended their lifetime
or a hydrogen bond acceptor. Infrared spectroscopy data ofin the X-ray beam and extended the resolution to which data
Boxer and co-workers have shown that the aspar&yine could be collected (Table 1). To establish that crystal
mutation lowers the wavenumber €O from ~1945 to freezing is not accompanied by significant alteration in the
1915 cm? in human myoglobin 11). This decrease protein structure, a room-temperature data set was collected
indicates that the asparagine side chain is oriented with itsfrom a V68N myoglobin crystal, mounted in a quartz
—NH- group toward the bound CO, providing an additional capillary in the usual manner.

positive electrostatic field adjacent to the bound ligand which
decreases the=€0 bond order12). Such an orientation is
expected to favor oxygen binding by providing an additional
hydrogen bond to the highly polar F©, complex. To test

For the preparation of crystals of the ferrous forms, the
metMb crystals were transferred initially to a round-bottomed
flask containing a 5-mL solution of an 80% (v/v) saturated
stock solution of ammonium sulfate in 100 mM phosphate

these interpretations, we have determined the high-resolutionbuffer (pH 7.1), 10% glucose, 10% sucrose (solution A) that
crystal structures of the aquomet, oxy, CO, and deoxy forms had been previously bubbled with argon gas. Argon was
of the V68N mutant. In addition, the £CO, and NO passed through the solution for a further 1 h; 40 mg of
binding properties of V68N mutants of both pig and sperm sodium dithionite was added dropwise to the solution over
whale Mb have been characterized in detail. a period of 30 min. The crystals changed color noticeably
The V68N mutants of pig and sperm whale myoglobins after a few minutes. These deoxymyoglobin crystals were
have been examined in previous studies of folding and then transferred to a deoxygenated cryoprotectant solution
stability in myoglobin (3, 14). Heme loss is faster from and flash-frozen as before.
this mutant; however the most dramatic effects are on the For the preparation of CO-myoglobins, the same procedure
stability of the apoprotein which exists as a molten globule was followed except that CO gas was bubbled slowly over
even in the absence of protein denaturants. Two naturallya period of 45 min through the suspension of the freshly
occurring variants of hemoglobin, Hb-BristgfE11 Asp) reduced crystals. The sealed flask was then left to stand for
and Hb-Milwaukee-l §E11 Glu), have polar substitutions a period of 2-16 h. The crystals were then transferred to a
at E11 which decrease stability and increase autoxidationsolution of deoxygenated and CO-equilibrated cryoprotectant
(15). Lehmann assumed that the instability is due to the solution and flash-frozen.
polarity of the acid group and not to a markedly altered  Oxymyoglobin crystals were prepared as follows. Deoxy-
tertiary structure of the mutant protein. His interpretation myoglobin crystals prepared as described above were washed
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Table 1: Data Collection, Processing, and Refinement Statistics
Met-Asrf®
deoxy-Wt CO-Wt deoxy-Ast¥ CO-Asrf® oxy-Asrf8 150K 293 K

121 unit cell

a(h) 122.1 122.2 122.0 122.1 122.2 122.3 124.2

b (R) 42.1 422 42.2 423 421 41.9 42.6

c(A) 91.5 91.7 91.5 91.6 91.6 91.5 92.3

B (deg) 92.9 92.6 92.7 92.5 92.6 92.6 92.7
completeness (%) 96.5 98.0 96.7 94.7 96.7 98.7 96.8
resolution (A) 1.80 1.70 1.98 1.90 1.95 1.80 2.27
Rmergg (%)

overall 4.0 3.8 6.8 4.2 4.8 5.4 6.6

highest resolution 29.1 24.9 22.0 21.4 23.7 38.4 22.7
meanl/(ol) 21.4 23.4 195 22.8 22.3 16.5 15.7
unique reflections 42068 48082 32221 35786 34441 42945 21875
observations per reflection 7.9 6.1 8.5 5.8 5.4 10.0 5.6
no. of atoms

total 3016 3097 3007 3050 3024 3046 2676

solvent 456 522 444 486 440 493 195
Reryst 19.6 18.9 19.8 19.2 19.1 21.2 17.8
no. of reflections 38972 45654 29512 33640 30873 40678 20626
free Reryst 24.3 23.7 26.2 26.1 25.1 26.5 255
no. of reflections 2047 2425 1560 1788 1637 2163 1092
rMSpona (A) 0.013 0.020 0.014 0.019 0.015 0.015 0.016
MMSingle (d€Q) 0.030 0.035 0.033 0.037 0.034 0.034 0.051
IMSanes(Ax€2 1-4 distance) 0.031 0.043 0.037 0.042 0.036 0.035 0.058
averageB-value (&)

main chain 24.8 235 28.2 26.0 25.7 29.6 29.1

side chain 29.9 28.5 32.8 31.6 31.0 33.7 33.3

solvent 47.1 45.3 50.0 46.8 48.0 49.7 56.9
3 Rmerge= Y |li — Inl/Y|1n], wherel; is an intensityhkl andl, is the average of the observed equivaleP®yysi = 3 nul|Fobd — |Feaid [/ nilFobd,

where|Fopd and|Fcad are magnitudes of the observed and calculated structure factor amplitudes of a refiktti@spectively.

in solution A to remove excess dithionite and its reaction and used to guide manual adjustment of the models, at
products. A crystal was then exposed to air for-18 min regular intervals in the course of refinement. Generally, few
before being transferred to cryoprotectant solution and flash- adjustments were required aside from reconstruction of the
frozen. mutated position 68 side chains, the addition of ligand atoms,

Data Collection and RefinementAll data sets were  and the addition/deletion of solvent atoms, as appropriate.

collected on an R-axis Il image plate detector mounted on a  Kinetic MeasurementsOverall rate constants for0CO,
Rigaku rotating copper anode X-ray sourde=t 1.54 A). and NO binding to myoglobin were measured in 0.1 M
The data were processed using DENZO and scaled usingpotassium phosphate buffer (pH 7.0), 1 mM EDTA at 20
the CCP4 suite of program& g, 20; Table 1). °C, following the procedures described by Rohlfs et 2d) (
The Starting model for refinement of the V68N aquomet- and Carver et a|Z5) The kinetics of oxygen bmdmg to
Mb room-temperature structure was the coordinate set for p|g myog|0bin were measured at five diﬁererﬁ éncentra-
wild-type pig aquometMb (1myg.pdb). The structure was tions (i.e., in solutions equilibrated with gas phases containing
refined in steps of rigid body refinement followed by cycles 504 10%, 20%, 50%, and 100%)0 NO complexes of Mbs
of atomic positional and temperature factor refinement using were prepared by passing the proteins through an anaerobic
REFMAC and manual model building using the X-AU-  Sephadex G-25 column and then mixing the effluent with
TOFIT and X-SOLVATE routines implemented in the an equal volume of buffer that had been preequilibrated with
molecular graphics program QUANTAY, 22). 1 atm of NO gas (final [NO 1 mM). The bimolecular
Refinement of the low-temperature crystal structures rate of NO binding was measured by flash photolysis using
proved to be more complex with refinement stalling when 3 300-ns dye-laser system.
the Reyst fell to ~23%. This problem was overcome through  peyajled procedures for the nanosecond geminate recom-

the introduction and refinement of an overall anisotropic bination experiments have been described by Carver et al.

temperature factor parameter to take account of lattice ;g 5nq Gibson et al2). Photolysis was initiated by either
perturbations introduced during the process of freezing the 5 30-ps or a 9-ns laser excitation pulse at 532 nm, and

crystals. The first structure to be refined in this way was absorbance changes were followed at 436 nm
the azido form of wild-type myoglobin which was solved to '

1.75-A resolution 23). These MbN coordinates, with the
azide ligands, asparagfiside chains, and solvent molecules
deleted, formed the starting model for refinement of all of  Crystal Structures of ASh Mb. The V68N mutation

the low-temperature structures described here. Refinementnvolves the substitution of the isopropyl side chain of valine
was carried out using the program REFMAC as described by the acetamide side chain of asparagine, a replacement
above, except that an overall anisotroBiwalue was refined  which is expected to alter both the polarity and the stereo-
(23). Electron density maps calculated with coefficients chemistry of the distal heme pocket in myoglobin. The
2MFops — dFcaic (OF MFyps — dFcaid andocac Were displayed crystal structure of V68N aquometMb shows very few

RESULTS
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differences from the structure of wild-type pig aquomet- form (Figure 3A) @8). The iron lies in the plane of the
myoglobin 7). A least-squares superposition of the well- pyrrole nitrogens and the F&€—0 angle refines to a mean
defined main chain atoms of the A and B molecules in the value of 157 in the two molecules of the asymmetric unit.
asymmetric unit of the mutant myoglobin with the corre- The side chains of His (E7) and Val (E11) are in close
sponding atoms in the molecules of the wild-type myoglobin proximity to the C and O atoms of the ligand (Table 2).
reveals root-mean-squared displacements of 0.3 A in each In contrast to Mb@, extensive changes in the distal heme
case. Least-squares superposition of the A and B moleculespocket of pig MbCO are introduced as a consequence of the
in the V68N crystal structure produces a root-mean-squaredV68N mutation (Figure 3B; Table 2). These changes were
deviation of 0.2 A in the positions of the main chain atoms. obvious in the first calculatedn2r, — dF. andmF, — dF,
Differences of this magnitude are typical of those observed maps. The distal histidine side chain has swung out of the
among a larger number of crystal structures of different pocket away from the CO ligand and toward the solvent. In
mutants in various ligation states, and we conclude there arethis ‘up’ conformation, the imidazole side chain makes what
no significant overall changes in tertiary structure accom- appear to be strong hydrogen-bonding/electrostatic interac-
panying the valine to asparagine substitution. Similarly, the tions with the heme 6-propionate carboxylate group, the main
effects of crystal freezing appear to be negligible with rms chain carbonyl oxygen of ASf) and the side chain carboxy-
deviations in main chain atoms of 0.27 and 0.30 A following late group of this same residue. Relative to the heme in the
superposition of the main chain atoms of molecules A and wild-type MbCO, there is a rotation about thg-€Cy bond
B, respectively, from the coordinates refined against data of the heme 6-propionate group so that one of its carboxylates
collected at room temperature and 150 K. moves to within 2.6 A of the imidazole N Similarly, there
Electron density associated with the environment of the is a change in the conformation of the A%gide chain so
heme group in molecule A of the asymmetric unit is shown that its carboxylate group approaches to within 3.0 A of the
in Figure 1 together with a least-squares overlap of the A His® imidazole ring (Figure 3C). This pattern of interactions
molecules of the mutant and wild-type structures in this with three partially or fully negatively charged species
region. The orientation of the asparagine side chain is well- implies that the imidazole ring of Hiis protonated and,
defined with its amide group directed toward the back of moreover, that it may be present as two rapidly exchanging
the distal pocket. This orientation is similar to that of the side chain conformers that differ by a T8gR rotation.
side chain of leucirf€ in the crystal structure of the V68L Accompanying the exit of the histidiffeside chain is the
mutant of sperm whale myoglobii@. The plane of the  entry of two ordered solvent water molecules into the distal
amide moiety is nearly parallel to that of the heme group. pocket. The first of the water molecules, which is situated
Electron density maps calculated with X-ray data extending 3.1 A from the oxygen atom of CO, appears to form a
to 1.8-A spacing do not allow the oxygen and nitrogen atoms hydrogen bond to the main chain carbonyl oxygen of
of the amide group to be distinguished. In the V68N aquo- histidiné“, while the second water molecule is located closer
metMb model, we have arbitrarily positioned the nitrogen to the heme periphery (Figure 3B). It may be significant
of the amide group closer to the iron. This amide nitrogen with regard to the out-of-pocket histiditfeside chain
is situated within weak hydrogen-bonding distance (3.1 A) conformation that the mean F€—0 angle in the V68N
of the coordinated water molecule. The latter is also within mutant is 170, some 16-15° higher than in wild-type
hydrogen-bonding distance (2.5 A) of the &f histidine. MbCO. However, Spiro and co-workers have pointed out
V68N MbQ. The electron density associated with the oxy that this angle is liable to exhibit large variations with little
form of the V68N protein is shown in the region of the heme change in energy20).
pocket of molecule B along with the refined structural model  Deoxy Forms of Wild-Type and A8rMyoglobin The
in Figure 2. The shape of the electron density on the distal deoxy forms of wild-type and V68N myoglobin are very
side of the iron is consistent with the presence of bound similar to one another with the exception of the position 68
oxygen; however, the height of the electron density peak side chain (Figure 4). The iron atoms in the respective
and the high temperature factors for the oxygen atoms structures have retreatedd.2 A from the plane of pyrrole
relative to those of surrounding atoms imply less than full nitrogens of the heme toward the proximal side. In contrast
occupancy (Table 2). The F&©—0 angle refines to amean to what is observed in sperm whale deoxyMb structures at
value of 133 in the two molecules of the asymmetric unit room temperature, no electron density for distal pocket water

(Table 2). The mean angle, defined as the angle between
the plane containing the iron and the two ligand oxygen
atoms and the plane formed by the iron, the first oxygen
atom, and the pyrrole nitrogen atom NA, is 266The

is seen in either the A or B molecule of wild-type pig
deoxyMb or in the A molecule of V68N deoxyMb at123

°C. A peak is seen in the heme pocket of the B molecule
of the V68N asymmetric unit, and we have placed and

second of the bound oxygen atoms appears to form tworefined a water molecule in this density (Figure 4A). The

hydrogen bonds: the first to the HdN.-H and the second
to the Asi¥® NH, (Table 2). The iron is situated close to

height of this electron density peak is much lower than that
associated with the noncoordinated water molecule in the

the least-squares plane of the pyrrole nitrogens but displacecheme pocket of wild-type sperm whale deoxymyoglobin and

to the proximal side; the FeNpymoe planar distance is 0.13

a number of its mutants which retain the distal histidine in

A in both molecules. This again indicates that the crystals crystals analyzed at room temperatut®,(28). We have

are not fully oxygenated and that significant amounts of
deoxyMb are present.

Carbon Monoxy Forms of V68N and Wild-Type Pig
Myoglobin The crystal structure of wild-type pig MbCO
is very similar to that of sperm whale MbCO in the P6 crystal

also observed clear evidence for a water molecule in the
distal pocket of pig V68T deoxymyoglobin at4 °C (5).

The absence of a water molecule in the low-temperature
structures is probably due to the high osmolarity cryopro-
tectant and the freezing process itself.
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Ficure 1: (A) 2mF, — dF, ocac €lectron density associated with the B molecule of the asymmetric unit of the V68N metmyoglobin
crystal. Electron density contoured at thedlLlBvel is shown in the vicinity of the heme pocket with the heme and residued (@ia1),

His® (E7), Asr?8 (E11), and Hi& (F8) shown. (B and C) Orthogonal stereopairs comparing the heme pocket structures of wild-type (dark
atoms and bonds) and V68N (shaded atoms and light bonds) myoglobin in the B molecules of the asymmetric unit. The structures were
overlaid by least-squares minimization procedures applied to the main chain atoms of resid6s 5
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Ficure 2: Stereoview of the heme pocket and its associated electron density in the B molecule of V68NTMe@ap was calculated
with coefficients 2nF, — dF, ocac and is displayed at a contour level 1.5 standard deviations above the average electron density of the
map.

Table 2: Heme and Ligand Geometries

Asrf8 MbO, Asnf® MbCO wild-type MbCO
A mol B mol A mol B mol A mol B mol

Fe—Npyrmoieplane (A} 0.13 0.13 0.00 0.01 —-0.01 —0.01
Fe—Ne, (F8) (A 2.12 2.20 2.07 2.14 2.10 2.10
Fe—O1l/Fe-C (A) 1.81 1.86 1.78 1.82 1.79 1.80
01-02/C-0 (A) 1.21 1.23 1.19 1.16 1.22 1.19
OFe-0—-0/OFe-C—0 (deg) 134 132 174 174 159 155
NA—Fe—0—0O/NA—Fe-C—O0 (¢) (deg) 162 170 168 38 200 213
Nez (E7)-0OL2 (OL1) (A) 2.64 2.73 7.61 7.57 3.25 3.28
No2 (E11)-0OL2/Cy2 (E11)-0L2 (A) 2.97 2.89 3.29 3.17 3.18 3.22
temperature factors G

Fe 23 22 24 24 22 19

Nez (E7) 26 25 33 33 20 21

N6, (E11)/Cyr2 (E11) 25 23 21 22 19 19

oL1/C 33 40 22 23 18 19

OL2/0 47 47 26 25 22 21

2 The displacement of the iron atom from the least-squares plane through the pyrrole nitrogen atoms. A negative value indicates that the iron is
displaced to the distal pocket side of the heme.

0O,, CO, and NO Binding.The kinetics of @ and CO globin shows a very low oxygen affinity due to an extremely
binding to pig and sperm whale myoglobins was measured large dissociation rate constaikt, = 4100 s*. Insertion
by a combination of stopped-flow rapid mixing and laser of Asn at position 68 in the H64L mutant causes a 160-fold
flash photolysis methods. Rate and equilibrium parametersdecrease irko, giving the H64L/V68N mutant an affinity
for wild-type and V68N pig and sperm whale myoglobins for oxygen which is significantly greater than that for the
are presented in Tables 3 and 4. The overall associationwild-type protein. Thus, AsH is clearly able to form a
rate constant for @is lowered by a factor of 69 by the strong hydrogen bond with bound oxygen regardless of the
V68N mutation in both mammalian myoglobins. This inhi- residue present at the 64 (E7) position.
bition could be due to either increased polarity in the distal The rate constants for CO binding are also lowered by
pocket which further stabilizes noncovalently bound water the V68N replacement. For this ligand the largest effects
in the deoxy form or the increased size and rigidity of the are on the association rate constants which are decreased 6-
E11 side chain which hinders the approach of the ligand to and 12-fold in the pig and sperm whale myoglobin mu-
the iron. The Qdissociation rate constant is lowere@5- tants, respectively, relative to the wild-type proteins. Boxer
fold to 0.6 s!, consistent with the existence of an “extra” and co-workers observed similar effects for CO binding to
stabilizing hydrogen-bonding interaction between the amide human V68N Mb 80). Since the bimolecular rate constant
moiety of asparagirfé and the polar oxygen ligand. This for CO association with myoglobin has been shown to be
stabilization of bound oxygen implies that the amidRH, limited by the rate of the intramolecular bond formation step,
group is oriented toward the ligand presenting a hydrogen these data imply that there has been a significant decrease
bond donor group to the oxygen. The net result is that the in the rate constant for FECO bond formation. The CO
single V68N myoglobin mutants have a-8-fold higher dissociation rate constants ar&-fold lower in the V68N
affinity for oxygen than the corresponding wild-type proteins. mutant which may be attributed to a weak but favorable

To test the role of hydrogen bonding, the effects of the interaction between the positive electrostatic field of the
V68N substitution were examined in the absence of a distal amide—NH, of asparagin® and the F&=C=0°" species
histidine. As shown in Table 3, L&usperm whale myo-  (12). Similar effects are seen when compariag for H64L
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. Asp60

Ficure 3: Stereoview of the heme environment and associated electron density in the A molecules of the asymmetric unit of (A) wild-type
MbCO and (B) V68N MbCO. In each case, the electron density was calculated with coeffiaeRis—2dF., ocqc and displayed at 1.3
standard deviations above the mean value of the map. (C) Structures of wild-type MbCO (dark atoms and bonds) and V68N MbCO (shaded
atoms and light bonds) are superimposed after least-squares minimization procedures applied to the main chain atoms of t&€ldues 5

of the respective A molecules (rvs= 0.23 A). The altered conformation of the histidihéE7) side chain is apparent.



Stabilizing Q in Myoglobin Biochemistry, Vol. 37, No. 45, 19985903

Ficure 4: Stereoview of the heme pocket structure and associated electron density in the B molecule of (A) wild-type deoxyMb and (B)
V68N deoxyMb. The maps were calculated with coefficiems=2 — dF; and calculated phases and have been contoured at 1.5 standard
deviations above the average electron density of the map. Residues defining the perimeter of the heme pocket are labeled.

Table 3: Kinetic Parameters for,@nd CO Binding to Wild-Type and V68N Single and Double Mutants of Pig and Sperm Whale Myoglobin

k'oz Koz Kco Kco Keo/l K02

protein EMsY k(s @MY @MTIsY  keo(s) @MY @Mish) Ko
wild-type (pig) 17 14 12 0.78 0.019 41 34 22
wild-type (SW) 17 15 1.1 0.51 0.019 27 25 27
Asrf8 (pig) 3.0 0.67 45 0.12 0.011 11 2.4 24
Asnf8 (SW) 1.9 0.54 35 0.041 0.0096 43 1.2 30
Leu* (SW) 98 4100 0.023 26 0.024 1100 48000 190
LelF*Asrt (SW) 89 40 22 15 0.005 3200 1500 nd

and H64L/V68N sperm whale myoglobins. However, V68N mutant in Table 3). Th&l-values,Kco/Ko,, for the

introduction of the V68N mutation in the H64L mutant does single V68N mutants are close to unity resulting in

not cause a significant decrease in either the CO gr O 15—20-fold more efficient discrimination in favor of oxygen

association rate constants. binding than that for the corresponding wild-type myoglo-
The net result of the single V68N mutation is a@-fold bins.

decrease in CO affinity. In contrast, V68N causes a 3-fold The effects of the V68N mutation on the rate constants

increase inkco in the absence of a distal histidine (H64L/ for NO association were also examined. As shown in Table
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Table 4. Oxygen Rebinding to Wild-Type and Asparagine
Mutants of Pig and Sperm Whale Myoglobin

kgem k'emn/ kescape kbond kfbond
protein s Fgem @M™ts™h) (ush) (us?h (59
wild-type (pig) 32  0.40 42 19 13 23
Asnf8 (pig) 24  0.12 21 21 3 0.8

aThe observed geminate recombination data were analyzed in terms
of the following two-step scheme as described by Quillin et al. (1995):

kén(ry . . kbund
A or MbO, —‘m B, orns mtermedlatﬁ Mb + O,
where kgem = (Koond + kescap;. Fgem = Koond (Knond + kescap}y k’oz =
K'entyFgem @ndko, = K-pond1 — Fgemy

T T T T T

In /\ Absorbance (scaled)

Time (ns)

Ficure 5: Time courses for picosecond geminate recombination
of NO in wild-type (native) and V68N pig myoglobin at pH 7.0,
20 °C. The absorbance traces were measured at 436 nm.

3, K'no is relatively insensitive to the asparagine substitution.
This is an interesting observation, because it is known that
the overall rate of NO binding to wild-type Mb is governed
by the rate of ligand diffusion into the distal heme pocket.
The lack of effect of the V68N mutation suggests strongly
that the Asf® side chain does not significantly stabilize
internal water in deoxymyoglobin. The lowered rates ef O
and CO association must be due to steric hindrance ofiron
ligand bond formation which has no effect &Ro.

Geminate Recombination of NO and.Onternal iron—
ligand bond formation was examined directly in laser
photolysis experiments with both NO and, @omplexes.
Normalized time courses for NO rebinding following a 30-
ps laser excitation pulse are shown in Figure 5. The initial
picosecond rate of geminate NO rebinding is similar in wild-
type and V68N pig myoglobin. However, after about 1 ns
the rate of NO rebinding in the mutant protein decreases
markedly compared to the wild-type protein with the fraction
of unliganded complexes leveling off to roughly 10% of the
total that was photolysed.

Molecular dynamics simulations were carried out to
interpret the NO rebinding results using the LES method with
10 ligand copies and the program MOIL following the
procedures described by Carlson et al, 32). A summary

Krzywda et al.
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Ficure 6: Computed rate of collisions of ligands with the iron as
a function of the time of molecular dynamic simulation. Tyhaxis
values are the number of ligand molecules that come within 4 A
of the iron in 1 ps divided by the number of ligands used in the
simulation, usually 10: (A) wild-type (native) Mb and (B) V68N
Mb.

The latter structure was nearly identical to the MisBucture
for V68N pig myoglobin which was determined after the
calculations had been made.

In the simulations for wild-type pig myoglobin, the rate
of collisions at the iron atom decreases slowly with time as
the ligands progressively move away from the heme center
toward the back of the distal pocket (Figure 6A). The ligand
trajectories are almost identical to those seen for wild-type
sperm whale myoglobin which have been described in detail
(32). In contrast, the rate of collisions at the iron atom in
the V68N mutant decreases rapidly in the first few pico-
seconds of the simulation and then levels off to very small
value near 0 (Figure 6B). In the mutant protein the ligands
quickly move away from the iron atom toward fté and
then are blocked from reapproaching it by the planar amide
group of the large asparagfiside chain. This phenomenon
appears to be the underlying cause for the slow rate of ligand
recombination on the longer nanosecond time scales for all
ligands.

of these computations is presented in Figure 6 which presents Figure 7 shows time courses for the geminate recombina-
the rate of collisions of photodissociated ligands with the tion of O, with wild-type and V68N pig myoglobin following

iron as a function of the time of the simulation. A collision photolysis with a 9-ns laser pulse. As expected from the
was defined as occurring when a ligand molecule came NO results, the fraction of the photolysed, Qvhich
within 4 A of theiron atom. The starting ligand structures recombines on the nanosecond time scale is much smaller
were taken from the CO structure of wild-type pig myoglobin for the V68N mutant. Table 4 presents the geminate rate
and a hypothetical MbNO structure for the V68N mutant. parameters evaluated in terms of a two-step rebinding scheme
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Ficure 7: Rebinding of Q to wild-type and V68N pig oxymyo-
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DISCUSSION

Site-directed mutagenesis studies of myoglobin have
emphasized the contribution of the distal histidine residue
in discriminating between oxygen and carbon monoxide
ligands. This side chain forms a strong hydrogen bond with
the highly polar Fe-O, complex, an electrostatic interaction
which stabilizes the bound dioxygen by a factor-af000
relative to simple model heme compounds or mutants with
an apolar residue at the E7 positid?).( This contribution
is offset in part however, because Mi¢E7) draws a water
molecule into the distal pocket of deoxymyoglobin, and the
requirement for displacement of this water inhibits ligand
binding by a factor of~10. As a resultKo, for myoglobin
is only a factor of 100 higher than in the apolar E7 mutants.
In the case of carbon monoxide, the electrostatic interaction
with histidiné* is much weaker and the ligand is stabilized
by a factor of only 3. This does not offset the stabilization
conferred on the water in deoxyMb, and as a re&gl is

globin following a 9-ns excitation pulse. The reactions were car- actually diminished 3-fold by the presence of the distal
ried out at 20°C, pH 7.0, and absorbance traces were measured athistidine.

436 nm.

(i.e., MbX or A<= B < Mb + X, where B is the nanosecond
geminate intermediate}d). The fitted first-order geminate

Replacement of the apolar valine at position E11 with
asparagine causes effects on ligand-binding equilibria which
support the electrostatic stabilization theory. Oxygen bound

rate constants are about the same for the mutant and wild-to either pig or sperm whale V68N myoglobin is stabilized
type pig proteins. Thus, the decrease in the fraction of 30-fold relative to wild-type myoglobin based on compari-
geminate rebinding for the mutant must be due to a decreasesons of both the overalo, and the rate of thermal bond

in the rate of iror-ligand bond formationk.nqgin Table 4),

disruption computed from geminate recombination data. This

as suggested by the simulations for NO rebinding shown in favorable influence is offset by enhanced steric hindrance
Figure 6. In contrast, the rate of ||gand escape from p|g of iron—ligand bond formation due to the Iarger size and

myoglobin remains unaffected by the V68N substitution.

planarity of the amide side chain. The net result is a modest

Table 4 shows that the largest effect of the V68N mutation 4-fold increase irKo,. Similar considerations explain the

is on the rate constant associated with breaking of the Fe
O—0 bond k-pong. This rate of thermal bond disruption is

5-fold decrease iKco. A modest but favorable electrostatic
interaction occurs between the asparagine amide and the

decreased by a factor of 30, presumab|y due to additional FeCO, but this is more than offset by the enhanced steric

hydrogen bonding to the-NH, of the asparagirté side
chain. Since the rate constant for rebinding of f@om
within the pocket is also lowered by a factor of 4, the net
effect of the mutation is a 7-fold increase in the equilibrium
constant for @ binding from within the distal heme pocket
(Koondk-bong- As predicted from the overall rate constants
for NO association, the V68N mutation has little effect on
the rate of ligand movement into heme pocKétq(,). The

hindrance. The key role of favorable hydrogen bonding is
again seen in the results for the H64L/V68N double mutant.
In this case, the V68N mutation causes a 160-fold enhance-
ment of Q affinity in the presence of leucine at position 64
(E7). The 36-160-fold stabilization of bound oxygen by
Asnf® relative to the 1000-fold stabilization conferred by
His®* in the wild-type protein is readily explained by
differences in the hydrogen bond distances and geometries

apparent equilibrium constant for noncovalent association revealed in the crystal structures. TheéN, of Asn®® is

(Kentry = K'entryKentry) is only a factor of 2 lower than that for
the wild-type protein.

Building on the work of Chatfield et al.3@), Scott and
Gibson B5) have reexamined geminate, @ebinding to

situated~0.2 A further from the ligand than the, lf His®4;
whereas the latter is close to and can interact with both
01 and O2 of the ligand, the former is close only to O2
(Table 2).

sperm whale myoglobin mutants on time scales ranging from  The geminate recombination data fos @binding to pig

9t0 4000 ns. Detailed analyses of the time courses revealednyoglobin show that the V68N mutation causes only a 2-fold
two phases. The slow phase comprised about 25% of thelowering of the rate constant for ligand movement from the
total extent of recombination and was shown to be due to solvent into the proteink(enyy in Table 4). This result
ligand migration into and back from secondary sites or suggests that the water molecule in V68N deoxymyoglobin
cavities in the interior of the protein. Similar phenomena is not significantly stabilized by the asparagine substitution,
appear to occur for all mammalian myoglobins including the in marked contrast to the observations with the V68T
pig protein if recombination is examined on long time scales. substitution where ligand partitioning into the heme pocket
However, the V68N single mutant shows little evidence for was reduced 25-fold. Presumably, any favorable polar
a secondary phase, presumably because rebinding from botlinteractions between the distal pocket water and®are

the primary and secondary sites is inhibited significantly by offset by steric hindrance due to the larger size of the amide
the Asn side chain. As a result, we have compared the wild- side chain. The crystal structures of the low-temperature
type and mutant results using the simpler but approximate deoxy forms of wild-type and V68N myoglobin neither
two-step scheme described in Table 4. support nor contradict this conclusion since neither contain
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well-defined distal pocket water molecules. These low- stretching frequency, while negative charges have the op-
temperature results are in contrast to the room-temperatureposite effect. For example, replacement of the distal histidine
structures of wild-type and a number of mutant deoxymyo- with an apolar residue causes the principal CO stretching
globins where distal pocket water molecules are well-defined frequency to rise from 1945 to 1966 cfn The multiple
(10, 28). We assume their absence here is caused by theCO conformations implied by the spectrum of V68N MbCO
high osmolarity of the solutions used as cryoprotectant.  can be interpreted as follows. (1) The 1916-érband is

The effects of the valirfé to asparagine mutation on the the result of interactions of bound CO with both thé&lH,
ligand association rate constants resemble those for theof Asn®® and either the—N.H of His®* or the positive
valine®® to isoleucine substitution in sperm whale myoglobin. component of the dipole of a water molecule. (2) The 1940-
This mutation also lower&'o, and k'co without changing cm~! band is due to interaction with only the Nidf Asnfs.
K'no. Furthermore, the geminate rebinding kinetic traces for (3) The weak 1960-cnt band is due to interaction with the
V68l and V68N are very similarlQ). The crystal structure  carbonyl O atom of the A$famide side chain and/or the
of the deoxy form of V68l shows that tsecbutyl side chain partial negative charge of the water molecule which re-
of isoleuciné® resides over the iron and sterically hinders places the distal histidine at the proteisolvent interface
ligand binding such that in the crystal structure of the MbCO (Figure 4).
form this side chain significantly populates an alternate, and  In view of its ability to stabilize bound ©and enhance
less sterically hindering, conformation. In the V68L Mb, discrimination against CO, why does A8E11) not occur
the isobutyl side chain also adopts two or more conformations in nature? The principal cause of selection againsf®isn
upon CO ligation in the crystal, implying that the leucine nature appears to be its inhibitory effect on apoglobin
side chain again hinders ligand binding. However, the extent stability. The biosynthesis of myoglobin inside cells requires
of this hindrance must be small since the rate constants forthat the newly synthesized polypeptide chain fold up to form
ligand association in this mutant are similar to or larger than the native myoglobin tertiary structure. The apomyoglobin
those of the wild-type proteinl(). In the case of V68N,  then captures ferric heme to form metmyoglobin which is
the barriers to reorientation of the planar amide group of subsequently reduced to the ferrous species. In a compre-
the asparagirtéside chain are likely to be greater than those hensive survey of myoglobin mutants, Hargrove et &) (
for leuciné®, so that as for V68I, the effects of steric showed that polar substitutions in the distal heme pocket
hindrance are manifested in the overall and geminate greatly destabilize apomyoglobin. The yields of recombinant
rebinding kinetics. mutant myoglobins in which polar substitutions have been

The upward movement of the distal histidine in the crystal introduced into the heme pocket are very low presumably
structure of V68N MbCO was somewhat unexpected, because the polypeptide is degraded intracellularly before it
although similar displacements of this side chain have beenis able to fold and take up heme. This problem is circum-
observed previously in wild-type myoglobin. In the presence vented when these mutants are expressed as inclusion bodies.
of bulky ligands such us alkyl isocyanides, phenylhydrazine, The protein can then be solubilized and refolded by in vitro
and imidazole, the histidine side chain significantly populates addition of heme in the absence of predatory proteases.
an out-of-pocket conformatiorB6—39). In MbCO com- Replacement of the distal histidine with apolar side chains
plexes at pH 4, the electron density associated with the also stabilizes apomyoglobin markedly. However, in this
histidine E7 indicates two conformations with the distal case, histidin® is an absolute requirement for the physi-
histidine swinging in and out of the heme pocké@) A ological necessities of (1) higher oxygen affinity, (2) efficient
similar outward conformation is seen in the aquomet and discrimination against CO binding, and (3) resistance to
CO structures of F46V sperm whale myoglobin in which autoxidation 43). A compromise between function and
the “hole” created at the CD4 position allows greater freedom stability has therefore been reached.
of movement of the distal histidine side cha#t).

In the present study of a low-temperature MbCO mutant REFERENCES
crystal, the electron density describes the out-of-pocket
conformation of the distal histidine unambiguously. There
are at least three possible causes for this movement. First, ,
the Asi¥® may neutralize any favorable electrostatic interac-
tions between bound CO and Hfisallowing greater flex- 3
ibility of the imidazole side chain. Second, the extra bulk
of the asparagine and its inflexible planar amide group may
inhibit inward bending of the FeCO complex which would 4.
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