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Abstract: Proton spin relaxation induced by the triplet ground state of O in the zinc-containing diamagnetic
analogue of sperm whale deoxymyoglobin has been measured as a function of oxygen concentration. As
no covalent binding of oxygen to the metal occurs in the zinc species, the relaxation effects of O, on the
protein *H resonances arise exclusively via much weaker noncovalent interactions. The relaxation effects
at the amide proton sites are found to be highly localized and are derived almost exclusively from O,
binding at the four previously identified xenon binding sites. Relative binding constants of 1.0, 0.08, 0.07,
and 0.23 were determined for the Xe 1, Xe 2, Xe 3, and Xe 4 sites, respectively. In combination with
earlier measurements of the kinetics of the heme binding of oxygen, these equilibria measurements enable
a more detailed analysis of models characterizing O, entry and egress. A correlation is established between
the fraction of O, which enters the Fe?*-binding site via rotation of the distal histidine side chain (so-called
“histidine gate”) and the experimentally observable O, (or CO) lifetime in the Xe 1 site. A physiological role
for these secondary oxygen binding sites is proposed in enhancing the efficiency of the O, association
reaction by rendering more favorable its competition with water binding in the distal heme pocket.

Introduction site have demonstrated that the distal histidine side chain is
displaced into the solvent phase.

The X-ray structure of sperm whale myoglobin reveals N0 On the other hand, low-temperature geminate recombination
unhindered path for @diffusion to the heme iron. Soon after  studies of myoglobiH have indicated more complexity in the
the X-ray structures of both myoglobin and hemoglobin were kinetics of G and CO association than would be anticipated
reported, Peruizand Chancéproposed the “histidine gate”  from a simple histidine gate mechanism. In these experiments,
model in which the side chain of the distal histidine swings the Fé"—0, (or —CO,—NO) bond is photolyzed, and the time
away from the heme iron and out into solution generating an course of F& —0O, re-formation is then followed spectroscopi-
open solvent path for gdiffusion to the iron site. Support from  cally. The multiple kinetic phases observed in these experiments
this model has come from the observation of increasing ratesstimulated the proposal of a sequential binding pathtay
of O, association at lower pH values with an appardaiplue which G; initially enters into one or more internal binding sites
similar to that of the distal histidifend the effect of mutations  before migrating to the distal pocket site where the covalent
at the histidine site on the £Oassociation rat&.? Crystal bond to iron is formed (Figure la). Although the observed

structure$~1° with large iron coordinating groups in the distal ~ kinetic behavior simplifies as the temperature is increased, at
room-temperature £geminate reassociation exhibits biexpo-

nential time dependenéé.Both molecular dynamics simula-

(1) Perutz, M. F.; Matthews, F. S. Mol. Biol. 1966 21, 199-202.

(2) Chance, B.; Ravilly, A.; Rumen, Ni. Mol. Biol. 1966 17, 525-534. tions!415 and mutagenesis studi€shave been proffered as
(3) Tlan. W. D Sage, J. T.; Champion, P. B1.Mol. Biol. 1993 233 155~ support for a sequential mechanism. Otk&¥shave argued for

()] Spric;}ger, B. éJ EQEF%%’ K. %égliz%ar,?’sd G.;3Fce)gglfs, R. J.; Mathews, A. extending the histidine gate model to a side path model (Figure
J.; Olson, J. SJ. Biol. em.l 4, 3057+ . . . "
(5) Rohlfs, R. J.; Mathews, A. J.; Carver, T. E.; Olson, J. S.; Springer, B. A;; 1b) which includes a dead-end C state. Elegam Compe“t'\/e

Egeberg, K. D.; Sligar, S. Gl. Biol. Chem199Q 265 3168-3176.
(6) Eich, R. F.; Li, T.; Lemon, D. D.; Doherty, D. H.; Curry, S. R.; Aitken, J. (11) Austin, R. H.; Beeson, K.; Eisenstein, L.; Frauenfelder, H.; Gunsalus, I.

F.; Mathews, A. J.; Johnson, K. A.; Smith, R. D.; G. N. Phillips, J.; Olson, C.; Marshall, V. P.Sciencel973 181, 541-543.

J. S.Biochemistryl1996 35, 6976-6983. (12) Austin, R. H.; Beeson, K. W.; Eisenstein, L.; FrauenfeldeBidchemistry
(7) Scott, E. E.; Gibson, Q. H.; Olson, J. B.Biol. Chem2001, 276, 5177— 1975 14, 5355-5373.

5188. (13) Chatfield, M. D.; Walda, K. N.; Magde, . Am. Chem. S0d.990 112
(8) Bolognesi, M.; Cannillo, E.; Ascenzi, P.; Giacometti, G. M.; Merli, A,; 4680-4687.

Brunori, M. J. Mol. Biol. 1982 158 305-315. (14) Tilton, R. F.; Singh, U. C.; I. D. Kuntz, J.; Kollman, P. A. Mol. Biol.
(9) Ringe, D.; Petsko, G. A.; Kerr, D.; Montellano, P. R. O Biochemistry 1988 199 19&211

1984 23, 2—4. (15) Elber, R.; Karplus, MJ. Am. Chem. Sod.99Q 112 9161-9175.

(10) Johnson, K. A.; Olson, J. S.; Phillips, G. N.JJ.Mol. Biol. 1989 207, (16) Huang, X.; Boxer, S. GNat. Struct. Biol.1994 1, 226-229.
459-463. (17) Scott, E. E.; Gibson, Q. HBiochemistry1997 36, 11909-11917.

10.1021/ja028064s CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 3813—3820 = 3813



ARTICLES McNaughton et al.
a) 0> bound in several distinct locations. In particular, the kinetic
A state B arises from all £binding sites that exchange with each
(Fe?*-bound) other on a time scale which is rapid compared to the rebinding
’|‘ Kba to Fe&™ (kyg), migration to the C statekf.), or movement out
B Koo c k_°s> into solvent Kyg).
(distal+Xe4) <k; (Xe1,Xe2,Xe3) E— Cryocrystallography on myoglobin crystals photolyzed at a
b) s series of increasing temperatures has indicated a sequence of
CO migration steps from the distal pocket, to the Xe 4 site,
(Fepﬁ‘ound) and then at temperatures above 4880 K to the Xe 1 sit@%2!
Y Subsequently, time-resolved Laue diffraction at room temper-
Kep | Koo Koc aturé2 demonstrated that CO transfer to the Xe 1 region occurs
= (dis:ix“) = (Xe1,)((:eZ,Xe3) in the time frame 91_‘ 100 ns consistent with the kinetics of the
kbs Keb B to C state transition.

Figure 1. Sequential (a) and side path (b) models for myoglobin binding
and release of 9to the solvent phase. These models differ as to whether
oxygen leaves the distal pocket site directly into the solvent pHageof

via a secondary binding sité&). For identification of the kinetic states
with specific xenon binding sites, see text. Thermal dissociation of the-Fe

O, bond is negligible in the time frame of the photolytic geminate
recombination experiments.

Xed

Xe 3 Xe2 -‘s

Figure 2. Cavities surrounding the heme and distal histidine side chain of
deoxymyoglobin. A 0.1 A grid search was carried out for the room-
temperature 1.15 A X-ray structure of sperm whale deoxymyog#®in
determine the set of points at which the center of mass of am@ecule
could be positioned without steric overlap with the protein atoms. These
cavities correspond closely to those previously identified as xenon binding
sited8 [Xe 1 (purple), Xe 2 (green), Xe 3 (red), Xe 4 (magenta) sites as
well as the distal pocket (cyan)]. The water molecule in the distal pocket
was removed in the calculation which otherwise occludes the distal pocket
cavity.

xenon binding effects on recombination kinetfcas well as
mutagenesis studiébave been cited in support of the side path
model.

Parallel studies have attempted to identify the structural
correlates of these proposed kinetic states. Petsko and co
workerg® observed that, in addition to the previously obset¥ed
major xenon binding site on the proximal side of the heme (i.e.
Xe 1), another binding site is contiguous with the distal pocket
(Xe 4). The Xe 2 site lies at the edge of the heme ring along a
potential pathway between the Xe 4 and Xe 1 sites, while the
Xe 3 site branches away from Xe 2 (Figure 2). No xenon binding

Determination of relative contributions of the side path vs
sequential mechanisms to the total @igration has remained
problematic. The two amplitudes and two time constants of the
biexponential room-temperature, @eminate recombination
kinetics can be fitted by the four parameters that characterize
either the side pathkfa = 5.7, koc = 4.0, kep = 3.3, kps = 6.3
us™ ) or sequentialkpa = 5.7, koc = 10.3,kep = 1.3, kes = 2.0
us™1) models’ As the amplitude of the slower phase is only
25% of that of the faster phase and the time separation is only
a factor of ~8,17 a significant range of parameters sets is
consistent with the estimated experimental uncertainty of the
recombination measurements. This uncertainty in the derived
kinetic parameters is exacerbated by a substantial degree of
correlation among the model variables. Although the experi-
mental recombination kinetics can be equally well fitted by
either model, the relative equilibrium,Minding for states B
and C predicted by the optimal parameters differs markedly for
the side pathiodke, = 1.2) vs sequential modetdy/ke, = 7.9).
Direct determination of the relative equilibrium,®inding
constants for the B and C states can serve to constrain these
recombination kinetic parameters.

O, association from the bulk phase is not a simple reversal
of the dissociation process monitored in the geminate recom-
bination experiments. In place of the¥ebound Q, deoxy-
myoglobin has a highly conserved water molecule hydrogen
bonded to the distal histidine, which in the sperm whale X-ray
structure has an occupancy of 0.6 at both room tempefature
and 100 K24 Histidine side chain hydrogen bonding to%Fe
bound Q is believed to be critical for affinity and for the
efficient discrimination against C&.Water binding is generally
viewed as an adventitious competition with @inding. The
additional kinetic constraint derived from equilibrium effinity
‘measurements can enable a formally overdetermined analysis
of the simple sequential and side path models and provide a
more robust basis for incorporating the kinetic effects of
competitive water binding.

Recently, wé® reported that the paramagnetically induced
relaxation of structurally buried amidel resonances of the heat

was observed near the iron in the distal pocket. Unambiguous 20) chu, K.; Vojtchovsky, J.; McMahon, B. H.; Sweet, R. M.; Berendzen, J.;

identification of the individual kinetic states of,Gand CO
migration with specific xenon sites has been proven difficult.
In part, this difficulty reflects the fact that for a given set of
experimental conditions a single kinetic state may arise from
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stable rubredoxin protein can be quantitatively predicted from
the time-averaged Ospatial distribution. Modulation of the
electror-nuclear dipolar interaction is dominated by the 7.5
ps electron longitudinal relaxation rate?® which is rapid
compared to either translational or rotational diffusion, thus
rendering molecular motion comparatively ineffective in induc-
ing relaxation. Furthermore, the electrénvalue is insensitive

to variations in the local noncovalent environmétithe ability

to predict the magnitude of the relaxation effects arising from
long-range interactions with oxygen molecules in the bulk

carried out on a paralléiN-labeled Z@&*-protoporphyrin IX myoglobin
sample.H T; values were obtained frofH—°N TROSY experi-
ment$8°with a purge puls¥ at the beginning of the recycle delay to
equalize'H recovery, solvent presaturation to suppress magnetization
transfer from the solvent resonance, and phase cycling on théHirst
90° pulse to suppresSN magnetization contributions. Relaxation delay
intervals of 0.1, 0.15, 0.25, 0.4, 0.6, 1.0, 1.5, 2.5, 4.0, 6.0, and 10.0 s
were acquired for each sample. Exponential fits to the relaxation
buildups yielded a median rmsd of 0.9% for the four data sets. The
paramagnetically induced relaxation effects at the individual amide sites
were estimated from the average differential between thar@ N

solvent phase indicated the potential to use the paramagneticallysamples for at least two different,Qoncentrations. An average

induced relaxation for accurate determination of the distribution
of O, bound within the protein interior.

Experimental Section

The molar relaxivity of @ at 14.1 T was determined directly on a
93%*H,0, 7%2H,0 sample equilibrated under 100 psi excess pressure
of O, at 21 °C vs an N-saturated sampleH,O T; values were
determined for these samples by inversion recovery using a detune
probehead. A difference of 0.9380.005 s for the 100 psi Qvs N,
samples at 37C was obtained for measurements in triplicate. Given
the G solubility of 0.02337 v/v at 760 mmHg of gaseous & 37
°C,?% correction for the pressure differential at 3¢ and the water
vapor pressure yields an,®olution concentration of 7.48 0.07 mM.

The resultant @relaxivity for the'H water resonance at 14.1 T is 126
+ 2 ML Parallel measurements on these samples aClfielded a
69% increase in the nduced relaxation ofH,O, which is similar
to the calculated 63% increase in the Encentration. The corre-
sponding estimate of 138 3 M~ for the molar relaxivity is consistent

experimental uncertainty of 3.7% was obtained. Cavity calculations
and grid summation of the dipolar relaxation effects were carried out
as described previousfon the 1.15 A resolution room-temperature
X-ray structure of sperm whale deoxymyoglobin (1BZP).

The biexponential fit to the 2s time course of the experimentaj O
geminate recombination data at 20, pH 7.07 served as reference
for all simulation analyses. Numerical integration with a 0.2 ns step

ginterval was used to determine sets of kinetic parameters which

reproduced the reference data to within 1% rmsd. Reflecting the relative
sensitivity of the simulations to the individual parameters, grid spacings
of 0.05us™* were used foky, andkes, 0.1 us™* for kys, and 0.15us™*

for kee. Bulk phase association kinetics were simulated up to 99%
saturation at 0.2 mM @using a 0.1us step interval foky: < 6 us™,

a 0.05us step forky. up to 12us™%, and a 0.02%s step for higher
rates.

Results

O2-Induced Paramagnetic Relaxation MeasurementRe-

with the anticipated absence of a significant temperature dependencecombinaneH,'5N-labeled sperm whale myoglobin was prepared

in the G electronT;.

Recombinant UPH,’*N-labeled sperm whale apo-myoglobin was
expressed irEscherichia coliand purified through the hemin recon-
stitution step as previously describ&djsing 0.2% UH glycerol as
carbon source (expression plasmid kindly provided by J. Flanagan,
Brookhaven National Laboratory). A 4®0% ammonium sulfate
fractionation was followed by G-75 column gel filtration, heme
extraction3! dialysis, reconstitution with Zi-protoporphyrin IX, and
purification on a CM-52 salt gradient column. All steps following the
addition of the light-sensitive protoporphyrin were carried out under
weak red light illumination. The 1 mM NMR sample in 50 mM KH
PO, pH 7.1, was first equilibrated against 2 atra &hd then against
0.62, 1.73, and 7.65 mM £as described®

NMR samples were incubated for several days before data collection
at 37°C to allow for equilibration of the protoporphyrin orientatiéh.
The backbone assignments were verified against those of CO
myoglobir?® using a 3D*N—N—'H HMQC-NOESY-TROSY experi-

with Zn?*-protoporphyrin X substituted for the native heme.
Although no crystal structure is available to date, the zinc
substitution is generally regarded to provide a faithful structural
mimic of the deoxy statéL42Despite the higher pH (7.1) used
in this study, the backbone resonance assignments of the Zn
protoporphyrin IX myoglobin followed those published for CO-
bound myoglobirf® The zinc-substituted myoglobin offers the
combined benefits of a diamagnetic spin system and the absence
of covalent Q binding to the metal sité Thus, the observed
paramagnetically induced relaxation effects arise only from the
far weaker interactions of the noncovalently bound oxygen
molecules.

Amide H T, relaxation values were determined by variation
of the relaxation delay period in a series %f,'>SN TROSY
experiments$8.39 Measurements were carried out on the myo-

ment at 14.1 T. This experiment was based on a related pulse seffuence 910bin sample following equilibration against 0.62, 1.73, and

that was modified to eliminate the fin&# 180° pulse in the TROSY
refocusing period>3¢ In addition, 3D*H—N—'H HMQC-NOESY-
HSQC and 30H—N—H HMQC-TOCSY-HSQC experimeritavere

(26) Hernandez, G.; Teng, C.-L.; Bryant, R. G.; LeMaster, DJVAmM. Chem.
S0c.2002 124, 4463-4472.
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200Q 97, 3872-3877.

(31) Teale, F. W. JBiochim. Biophys. Actd959 35, 543.
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Proc. Natl. Acad. Sci. U.S.A978 75, 5755-5759.

(33) Theriault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S. G
Wright, P. E.J. Biomol. NMR1994 4, 491-504.

(34) Xia, Y. L.; Sze, K. H.; Zhu, GJ. Biomol. NMR200Q 18, 261—268.

(35) Dingley, A. J.; Grzesiek, Sl. Am. Chem. S0d.998 120, 8293-8297.

(36) Loria, J. P.; Rance, M.; Palmer, A. GJIl.Magn. Resorl1999 141, 180—
184.

(37) Talluri, S.; Wagner, GJ. Magn. Reson., Ser. B996 112, 200-205.

7.65 mM Q and the correspondinigd T, relaxation rates from

an N-saturated data set were subtracted. In Figure 3 is illustrated
a portion of thetH—15N correlation spectra underMtmosphere
(panel @) and 1.73 mM O(panel b). The latter condition
corresponds to equilibration againsg atm Q. With a median

IH T, value of 3.3 s under Natmosphere, the majority of amide
resonances have recovered less than 5% of their equilibrium
magnetization for the 0.15 s relaxation delay shown here. As is

(38) Pervushin, K.; Riek, R.; Wider, G.; Wuthrich, Rroc. Natl. Acad. Sci.

U.S.A.1997 94, 12366-12371.
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Figure 3. Relaxation effect of @on selected amid#H resonances of 2i-
protoporphyrin IX myoglobin. Indicated is a portion of tH&l—15N
correlation spectra under,Mitmosphere (panel a) and 1.73 mM (Panel

b). For the 0.15 s relaxation recovery period used in these spectra the
majority of resonances for thepdéaturated sample have regained less than
5% of their equilibrium magnetization. Introduction o Bas little apparent
effect on the majority of resonances. In contrast, the resonances of His 93
Ala 94, and to a lesser degree GIn 26 recover far more rapidly toward their
equilibrium magnetization in the presence of. O

most readily apparent for the amides of His 93 and Ala 94 near
the Xe 1 cavity, the presence of 1.73 mM, @an greatly
accelerate the rate of magnetization recovery.

A small set of structurally buried amides exhibit relaxation
effects up to 25-fold greater than that for thé,O resonance
(Figure 4b). On the other hand, the majority of amides show
little O,-induced relaxation beyond that predicted from oxygen
in the bulk phase. This pattern of relaxation effects stands in
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Figure 4. Observed and predicted:@nduced relaxation of amide protons

in Zn?*-protoporphyrin IX myoglobin. Panel b indicates the difference in
relaxation values of the Ovs N, saturated samples at 3T and pH 7.1
normalized to that of the solvefi,O resonance. Data are unavailable at
amide sites undergoing rapid hydrogen exchange at these conditions. Dipolar
relaxation effects of @bound to the Xe 1 (purple), Xe 2 (green), Xe 3
(red), and Xe 4 (magenta) sites and to the distal pocket (cyan) at each amide
proton were calculated by arftveighted distance averaging for each cavity
normalized to the maximum value (panel a) and scaled to the experimental
relaxation data for the four xenon sites (panel c). Panel d indicates the
difference between panels b and c.

of myoglobin. The deoxymyoglobin structure has preexisting
cavities which are only modestly perturbed by the binding of
xenon atomé® Cavity calculations on the 1.15 A room-
temperature deoxymyoglobin X-ray structtfrevere used to
estimate the @induced relaxation effect arising from oxygen
bound to each of the xenon sites as well as to the distal pocket.
The unit normalized values of thertAveighted averages for
each cavity are given in Figure 4a. Each of the xenon binding
sites predicts large £nduced relaxation effects only at the same
amide positions for which such relaxation effects are observed.
In contrast, the relaxation behavior predicted for the distal pocket
cavity (cyan) does not correlate with the observed relaxation
pattern of Figure 4b as is most apparent for the region of residues
32—-45. This result is suggestive of a relatively low, O
occupancy, consistent with the absence of observed xenon
binding at this sité?

The relative @ binding constant estimates for each of the

marked contrast to that previously observed for the rubredoxin four xenon sites can be obtained directly from the scaling of
proteins?® In that case, no structurally buried amide proton the model relaxation data of panel a against the experimental
exhibited an @-induced relaxation rate more than 60% that of data of panel b. It should be noted that only the relative binding
the'H,O solvent resonance, a 40-fold smaller relaxation effect constants enter into the analysis of the geminate recombination
than is observed for a subset of the myoglobin amides. The data considered below.
much weaker relaxation effects observed for rubredoxin were  There are 8 amide sites near Xe 1 and 6 amide sites near Xe
shown to arise almost exclusively from, @olecules in the 4 which have predicte/ré[lvalues that are at least 10% of
bulk phase, consistent with the absence of any internal cavitiesthe maximum value (i.e. 0.1 in Figure 4a) and which have less
large enough to accommodate an i@olecule which are not  than 10% of the site’s predicted intensity arising from the other
occupied by a highly ordered water molecule in the high- three xenon sites. Optimizing the predicted fits to these 14 amide
resolution X-ray structure. The striking elevation and nonuni- sites yields scale factors of 18.7 and 24.5 for Xe 1 and Xe 4,
formity of the relaxation effects observed for myoglobin indicate respectively. Analogous calculations yield values of 12.1 and
that a significant fraction of @enters the protein interior and  15.3 for Xe 2 and Xe 3 (panel 4c). Subtraction of panel ¢ from
the internal distribution is highly localized. panel b indicates that the great majority of the observed
Cavity O, Binding Constant Determination. Due to the relaxation behavior is adequately rationalized by this analysis
short Q electron Ty, the simple [1/r%0dependence of the  (panel 4d). Monte Carlo simulations were carried out to estimate
paramagnetically induced relaxation effect facilitates modeling the uncertainty in these scale factors utilizing the 3.7% average
the relaxation arising from binding to the known internal cavities experimental uncertainty for the individual amitt¢ relaxation

3816 J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003
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values of panel 4b. Uncertainty values of 0.5 and 0.6 were Table 1. Predicted Time Course of CO Migration through B and C
: : : : States following Photolysis
obtained for Xe 1 and Xe 4, respectively, while the less precisely

determined Xe 2 and Xe 3 values had uncertainty values at least Crnax

2-fold larger. (K Koc, Ken, ks, Kes) (1e57™) Bsow® (nS) % ns (L/e)Cra® (u3)
Although each of the four xenon sites yield comparable (5.7,10.3,1.30, -, 2.0) 70 61 190 0.84

relaxation effects, their relative dccupancy varies substan-  (5.7,4.0,3.30,6.3,9) 70 24 180 0.84

tially more, reflecting the differences in the distance to the (&7:155 310, - 3.4) 50 58 120 0.56

y . g the (5.1,3.2,0.64,4.3,9) 90 40 340 33
nearest amide proton which range from 3.7 A for Xe 3 t0 5.6 (6.7,15.7, 3.14, -, 3.9 50 58 120 0.56
A for Xe 1. Relative to the Xe 1 site, the occupancies of Xe 2, (5.5,5.7,1.14, 3.0, 4f 80 52 350 3.6

Xe 3, and Xe 4 are estimated to be 0.0810.006, 0.066+ aTi  whichB stat \ation d 10 50% of ] A
0.007, and 0.225 0.009. These uncertainty estimates reflect e« rocombination raté/20 was used for the GO migration Smulations.
only the accuracy of the experimental relaxation measurements’ Time at whichC state population decreases to 37% of maximt@ptimal
and not the reliability of the @distribution modeled from the ~ fit to Oz geminate recombination dafa.’kxe = Sk, mean value of
static cavities of the 1.15 A room-temperature X-rav structéire parameter sets fitting yeminate recombination data to within 1% rmsd.
: p y - eDistal hydration level of 0.6.

To provide a measure of the sensitivity of these occupancy

estimates to the details of the cavity model, a parallel analysis course of room-temperature, @®combination with the heme,
was carried out using the coordinates for the 100 K high- the predicted @migration through the C state differs markedly
resolution X-ray structuré! Relative occupancies in the Xe 2, for the two models. Insight into this process is provided by the
Xe 3, and Xe 4 sites of 0.210, 0.090, and 0.256 were obtained.time-resolved Laue diffraction of photolyzed C@yoglobin

The resultant fit to the experimental relaxation data of panel at room temperatur&. As noted above, the rate of transfer of
4b is significantly poorer using the low-temperature coordinate CO from the distal pocket Xe 4 region to the Xe{~ 70
set. The absolute value of the residuals in the difference plot of ns) is comparable to that deduced for the transfer pfrGm
panel 4d for the 8 amides optimized for Xe 1 is 13% of the the B to C state. In addition, the fraction of photodissociated
initial intensity. This value increases to 24% when the 100 K CO in the Xe 1 site reaches60% in the time window of 100
X-ray coordinates are used. Similarly, the residuals for the fit 400 ns. A similar level of CO transfer to the Xe 1 site was
to Xe 4 increase from 17% to 26% in going from the room reported in an earlier cryocrystallographic kinetic trapping
temperature to the low temperature structural model. Despite experimeng! As discussed in more detail below, in the time-
the clear difference in the quality of the predictions offered by resolved Laue diffraction stud§ the C state population
the room-temperature X-ray data set vs that from 100 K, only subsequently decreases at a rate consistent with.5us time
the Xe 2 site yields a markedly different©ccupancy estimate  constant for CO escape into solvent.
which reflects the dominant relaxation contribution of a single  CO reacts with the heme20-fold more slowly than does
amide (Ser 108) for which thid/ré(distance to the cavity differs  0,.44 Given the similar size and low polarity, CO migration
by 0.4 A between the two crystal structures. can be modeled from the ;ecombination data by a corre-

As noted above, little paramagnetically induced relaxation sponding reduction in the rate of covalent bond formakgn
appears to arise from ound in the distal pocket. However, Using the kinetic parameters derived from an optimal fit of the
the larger distance between the distal pocket and nearby amideO, recombination data to the sequential and side path models,
protons leads to atv20-fold reduced sensitivity relative to the  numerical simulations provide estimates for the half-time of CO
Xe 4 data. Nevertheless, the Ginding constant to the distal ~ exit from the B state, the percentage and time of maximal CO
pocket appears to be smaller than that of Xe 4. The cavity buildup in the C state, and the apparent time constant for CO
calculations used in this analysis do not include the distal water exit from the C state for comparison to the time-resolved Laue
of hydration which is present at an occupancy of 0.6. Inclusion diffraction results (Table 1).
of this water eliminates the distal cavity illustrated in Figure 2. The CO migration kinetics predicted from the previously
As a result, it is expected that whatever relaxation contribution reported optimal fits for the unconstrained sequential (Figure
arises from @noncovalently bound to the distal pocket, it comes 1a) and side path (Figure 1b) models are given in entries 1 and
primarily from the unhydrated form. 2 of Table 1, respectively. The corresponding CO migration

On the basis of the congruence between the slower phase ofehavior predicted whek/key is constrained to 5.0 is listed in
geminate recombination and the exit rate of CO from the Xe 4 €ntries 3 and 4. To facilitate comparison in the subsequent
site into the protein interior observed by time-resolved Laue discussion, the constrainekb4 kuc, kos Kes) values given are
diffraction 22 the distal pocket and Xe 4 site are assigned to the the mean values from a grid search over all parameter sets which
B state while the other three xenon sites are assigned to the fit the reference geminate recombination data to within an
state in the kinetic schemes of Figure 1. Despite the differences€Xperimental uncertainty of 1% rmsd. The sequential model,
observed for the relative Ooccupancies of the individual ~ €ither unconstrained or witthd/ke, set to 5.0, yields predictions
cavities predicted by the room temperature vs 100 K X-ray near the observed maximal C state concentration of 60% (Table
coordinate sets, both sets predidt,aks, value very close to 5. 1, entries 1 and 3). In contrast, the side path model predicts a
This experimentally determined ratio differs considerably from significantly lower value of 24% for the maximal C state
the value predicted by either the unconstrained sequekgjal (  concentration (Table 1, entry 2). Incorporation of the constraint

kep = 7.9) or side pathikdke = 1.2) models (Table 1, entries  Of kod/kep = 5.0 into the side path model increases the predicted
1 and 2). maximal C state concentration to 40%. (entry 4).

. Estimation of CO Migration Kinetics. Although bo_th the . (44) Henry, E. R.; Sommer, J. H.; Hofrichter, J.; Eaton, W.JAMol. Biol.
side path and sequential models can adequately fit the time 19837166 443-451.
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The marked difference in maximal C state concentration A
predicted by the unconstrained side path vs sequential models (Fe?*-bound)
has led to the proposal that kinetic crystallography could serve /l\kba
to distinguish between these mod#lddowever, introduction Ksp kbe Kes
. . . — B —_ C —_
of the experimental relative {binding constant of the B state < | (distal+Xed) <k—-— (Xet Xe2,Xe3)| <—
vs C state markedly increases the maximal C state concentration Kos b sc

predicted by the side path model. As discussed below, the Figure 5. Combined sequentiat side path model for myoglobin binding
additional introduction of distal pocket hydration effects yield 2nd release of ©
virtually indistinguishable estimates for the maximal C state 5.0

concentration from either the sequential or side path models. 8
Once the constraint &,/ke, = 5.0 is considered, a far more =407
clear distinction between the sequential and side path models % i
can be drawn. Although the unconstrained versions of both the £ 3'0:
sequential and side path models predict a similar residence time 2 20
for CO in the Xe 1 site (Table 1, entries 1 and 2), incorporation 27
of the experimentak,/ke, constraint results in prediction of a © 4o-
nearly 6-fold difference in the CO residence time (Table 1, E
entries 3 and 4). It is perhaps initially surprising that the 0.0 T

sequential pathway is characterized by short, rather than long, 0.0 0'2_ 0.4 0_'? .0'8 10
CO residence times in the Xe 1 site. However, the return from side path utilization

the C state to the B stat is consistently predicted to be as Figure 6. Pred_icted mean a_nd maximal range of CO_Iifetim_es in the C
&) yp state as a function of the fraction of the?Fdound population which enters

Sl_OW or slower than the exit f_rc_)m t_he prOt_ein (eittiggor kCS) via the histidine gate. The kinetic parameter ség kve Kos Kes) Of the
Since the C to B state transition is required for emptying the combined sequentiat side path model of Figure 5 were exhaustively
Xe 1 site via the side path model, the corresponding residencesearched to determine all combinations consistent with the obseryed O
. . - e A . - geminate recombination kinetics to within 1 rmsd of 1%. A relative reactivity
t!me is ngcessanly Ionger. Thls_ difference in Xe 1 reS|d(_an_ce of CO vs G of 1/20% was assumed. THegkes value of 5 was used on the
time provides a potential experimental means of determining pasis of the equilibrium ©binding data described herein.

the fraction of CO (and ¢) utilizing each of these two alternate
migration pathways. In a similar fashion, the absolutédinding
constant for the Xe 1 site predicted from the observedi6*
s1 bimolecular association rate constaistmodel dependent.

A binding constant of 20 M! is predicted by the sequential

the relative fraction of the two migration pathways has six
independent variables. The relative Rinding measurements
reported herein yield an additional experimental constraint, thus
rendering analysis of the combined pathway model potentially
. . . ; feasible. However, there is a significant degree of correlation
model, while this value increases to 30"Mor the side path among the variables of the model in terms of the predicted
model. observables. When combined with the experimental uncertainty
In the time-resolved Laue diffraction stuéithe decay from i the geminate recombination and bimolecular association
the maximal CO concentration in the Xe 1 site drops to a plateau measurements, a substantial range of values for the individual
level which extends te-100us. The observed CO level in this  odel parameters are compatible with the observed data.
plateau region is consistent with the 0.15 occupancy factor which Therefore, rather than relying on only optimized parameter fits
is predicted from the estimated binding constant for the Xe 1 g generate an estimate of the fraction of @tering via the
site and those authors’ estimate of 45 mM total heme in the sequential vs side path migration, the entire population of
crystal and 15 mM CO not bound to iron during this time parameter sets consistent with the given experimental data was
interval. Under steady-state conditions, nearly half of the CO ¢gnsidered. A grid search over all consistelat, (Koe, Kos Keo)
that is not covalently bound should reside in the Xe 1 site, until sets demonstrates a strong correlation between the fraction of
essentially all of it ultimately rebinds to the heme. The resultant Fe2+_pound Q entering via the histidine gate and the estimated
lower CO concentration in solution would lead to a reduced tjme for the C state population decrease to 1/e of the maximal
apparent biomolecular association rate constant for rebindingygjye (Figure 6). This correlation between pathway utilization
to F&* in the crystal as was observé&-urthermore, the nearly  and the C state lifetime is primarily a function of the equilibrium
equal quant|t|es of CO free in solution and bound in the Xe 1 b|nd|ng ratiokbclkcb (Set to 50) and is Only Weakly dependent
site implies that, under these conditions, the rate of CO entry on the assumed reactivity of CO relative te. Bhe 1.5us time
into Xe 1 and the rate of CO exit from Xe 1 into the solvent ¢onstant for CO exit from the Xe 1 site estimated from the time-
phase are approximately equal. In turn, this predicts that the resolved Laue diffraction deta applied to the combined
observed time constant for decay from the maximal CO sequential and side path model of Figure 5 predicts that a
concentration in the Xe 1 site down to the plateau level will be majority of the CO or (Q) exits via the histidine gate pathway.
~1/, the time constant for the unidirectional transitions. Although  Effect of Hydration. The combined sequentiat side path
the data of Moffatt and co-workefsdoes not precisely define  model of Figure 5 disregards the potential kinetic effects of the
the time course of this decay, the predicted rate of CO exit from competition between £and water binding in the distal pocket.
the Xe 1 site is approximately 1. However, given the experimentally observed occupancy of 0.6
As noted above, the biexponential @minate recombination  for the distal water of hydration, the effects of this competitive
data yields four experimental parameters while the bimolecular binding can be plausibly incorporated without introducing any
association rate yields a fifth. In contrast, the combined additional unconstrained model parameters. In the proposed
sequentialt side path model (Figure 5) needed to characterize model, the histidine gate opening is assumed to enable O
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Figure 7. Combined sequentiat side path model for myoglobin binding 0.0 ' 0.2 ' 0i4 ' 0f6 08 1.0

and release of ©in which the distal pocket is either otherwise empty (e)
or contains a bound water of hydration (w). Covalent binding to iron is
assumed to occur only in the absence of distal pocket hydration. The openingFigure 8. Predicted mean and maximal range of CO lifetimes in the C
of the histidine gate (from the B state to solvent) is assumed to allow for State as a function of the fraction of the?Féound population which enters
O, entry and exit as well as equilibration of the distal hydration state. The Via the histidine gate in competition with water binding in the distal pocket.
relative rate of exit from the B statége Vs kosw) and entry into the C state ~ The Kkinetic parameter set$of koc, kos, keg Of the combined hydrated
(ksceVS ksow) is determined by the equlibrium occupancy factor for the water - sequential- side path model of Figure 7 were exhaustively searched to
in the distal pocket. determine all combinations consistent with the observedg@minate
recombination kinetics to within 1 rmsd of 1%The distal hydration

exchange and simultaneous equilibration of water binding in occupancy of 08>and a relative reactivity of CO vsQf 1/20* were

the distal pocket, with the watedistal histidine interaction ~ 2SSumed. Thédke value of 5 was used on the basis of the equilibrium
. i . O, binding data described herein.

controlling the relative rate of gate opening. The rate péftry

via the histidine g_ate is aSSPmed to t_)e independent of the path model. This underscores the fact that theeQuilibrium
resultant state of distal hydration. Experimental support comes binding constrainksJ/ke, predominantly determines the depen-

from the 5.7 us™ rate of HO binding to the F& in dence of the C state lifetime on the pathway of egress. However
metmyoglobin after the sixth coordination site is vacated by 54 seen in Figure 8, the correlation of residence time of CO in
photolysis of the NO compleX. This study found that the 4 ¢ state vs the fractional utilization of the histidine gate is
activation energy barrier of 42 3 kd/mol for water entry equals markedly more linear for the hydrated model as compared to
that .observed for the escape of photolyzed CO_' An_alog_ous the graph of the unhydrated model in Figure 6. In the absence
studies for the P& form are less straightforward since in this ¢ ¢ompetitive water binding, the contribution from the sequen-
case the lack of covalent bonding between water and the iron ;o migration tends to dominate the predicted C state lifetime
atom results in a much weaker spectral signature. Neverthelessg;,a ail of the CO following that path must pass through the
time-resolved optical absorption spectroscopy indicatesst3 C state. In contrast, for the unhydrated side path model only
rate process ascribed to rehydration dynarffid$ie CO buildup 48% of the photolyzed CO is predicted to enter the C state. As

iq the Xe 1 sitg repprted by. cryocrystallogr.aphy OCCUIS 5 result, the C state lifetime is comparatively insensitive to the
simultaneously with an increase in electron density in the distal 5¢(ion of histidine gate entry until that fraction becomes fairly

pocket which the authors interpret as rehydratiofihe pH —|5rq6 When distal hydration is incorporated into the side path
dependence of the “open” and “closed” subpopulations 06fCO 54| 659 of the photolyzed CO is predicted to migrate into

myoglobin correlates with protonation of the distal histidie the C state. Thus, at smaller fractions of histidine gate entry,

indi i i 1 oC 48
and |nd|cate§ an ;nterconveriﬁn‘ rate .Of ast .at.O_ CHAL side path migration makes a substantial contribution to the
pH 7, there is~2% open fornt? implying a histidine open- predicted overall C state lifetime.

state lifetime of~10 ns, which molecular simulatio¥predict
to be sufficient for complete Oexit from the distal pocket. Discussion
Consistent with the binding affinity of the distal pocket fos O A role for the distal heme cavity in accommodating the O
appearing to be significantly less than that of the Xe 4 site, molecule covalently bound to iron appears straightforward. In
both kyc andke, are assumed to be independent of the state of ¢onrast, a potential selective advantage itr@nsport arising
distal pocket hydration. from the evolutionarily conservé¥ secondary cavities of

In the proposed hydrated model (Figure 7) distal hydration myoglobin, most particularly Xe 1, has remained unclear.
is assumed to block covalent binding of @ the iron so that  |ndeed, alternate physiological roles for these cavities in NO
only the unhydrated Bstate can transfer {Xo the A state.  metabolism have been propos8a physiological role for the
Incorporating the @equilibrium binding constrainkedkeo and  secondary cavities in the binding competition between water
the water occupancy of 0.6 (Table 1, entry 6) improves the ang Q for the distal pocket can be proposed by reference to
estimate of the maximal CO concentration in the C state as tye sjde path migration model. In the absenta 6 state, when
compared to the unhydrated side path model. On the other handpgth water and oxygen enter from the solvent phase together
introduction of hydration has little effect on the predicted rate reopening of the histidine gate and €xit would precede the

of CO exit from the Xe 1 site for either the sequential or side next potential iron binding event. Migration of,Gnto the C

(45) Cao, W.: Christian, J. F.: Champion, P. M.. Rosca, F.. Sage, J. T. state allows for reequilibration of distal _hydra_uon_ before the
Biochemistry2001, 40, 5728-5737. . ' O, molecule reenters the B state. The optimal kinetic parameters

(46) Esquerra, R. M.; Goldbeck, R. A.; Kim-Shapiro, D. B.; Kliger, D. S. of the hydrated side path model predict that, in the absence of

Biochemistryl998 37, 17527-17536.
(47) Morikis, D.; Champion, P. M.; Springer, B. A.; Sligar, S. Bochemistry

side path utilization

1989 28, 4791-4800. (49) Suzuki, T.; Imai, K.Cell. Mol. Life Sci.1998 54, 979-1004.
(48) Tian, W. D.; Sage, J. T.; Champion, P. M.; Chien, E.; Sligar, S. G. (50) Frauenfelder, H.; McMahon, B. H.; Austin, R. H.; Chu, K.; Groves, J. T.
Biochemistry1996 35, 3487-3502. Proc. Natl. Acad. Sci. U.S.£001, 98, 2370-2374.
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a C state, only 25% of the Qvhich enters the B state from the effect on the geminate recombination fraction consistent with
solvent becomes bound to iron before it has a chance to exitthe hydrated side path model but unexpected from a sequential
back into the solvent phase. When the C state is incorporatedpathway.

into the migration pathway, the overall efficiency of Binding Hemoglobin-catalyzed oxidation of the cellular regulator NO
to the iron increases 1.5-fold to 37%. has led to systemic vasoconstriction in clinical use of blood
The utility of this mechanism imposes severe constraints on gpstitutes based on extracellular hemoglébi@ertain muta-
the rate constants. If a substantial fraction gfi€xto be affected, tions that reduce the volume of the distal pocket for bothothe
the rate of B to C transfer must compete favorably with exit to and 8 chains of hemoglobin have been found to reduce its
solvent. However, if the return to the B state is fast compared ygactivity with NO and in turn decrease the vasoconstriction
to ks, reequilibration of hydration cannot be achieved, and the gising from the extracellular hemoglobidThe combination
B and C states effectively merge to a common kinetic state. ¢ equilibrium O binding measurements and CO and/ar O
The ability to integrate the kinetic effects of competition from igration data provides a means of determining the relative
the distal hydration in a manner consistent with the observed yinatic contributions of the histidine gate vs secondary cavity
0O, ggmmate recombmauoq dgta suggests that the mUIt'eXpo'pathways to the entry and egress of such gases. Such information
nential character of the rebinding process reflects not only the will significantly inform the rational design of globin-based

return of Q f_rom the secondary cavities to thg di_stal pocket blood substitutes for which £k, andkyy rates as well as the
but also the time dependence of water penetration into the dlstaloverall equilibrium constant are of critical importance.

cavity.
It may be noted that increasing the volume of the Xe 1 cavity ~ Acknowledgment. We thank Robert G. Bryant for useful
by alanine substitutions at either residue 104 or 138 also resultsgiscussions. We acknowledge the use of the Wadsworth Center

in an increase in the £bimolecular association rate constant. NMR Facility. This work was supported in part by NIH Grant
In contrast, filling that cavity by a tryptophan substitution at M 38779 (D.M.L.).

either position or by applying 12 atm Xe pressure leads to a

~40% reduction in the association rdt8uch behavior is not ~ JA028064S

anticipated from a simple unhydrated side path model, although
it is obviously compatible with a sequential pathway. On the (31) Patel, R. PFree Radical Biol. Med2000 28, 1518-1525.

X L X %52) Doherty, D. H.; Doyle, M. P.; Curry, S. R.; Vali, R. J.; Fattor, T. J.; Olson,
other hand, these changes in association rate occur with modest ~ J. S.; Lemon, D. DNat. Biotechnol 1998 16, 672-676.
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