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Spectrally resolved three-pulse stimulated vibrational echo experiments are used as the basis for structural
assignments of the fand As spectroscopic substates in the IR spectrum of the carbon monoxide (CO) stretch

of carbonmonoxymyoglobin (MbCO). The measured dephasing dynamics of these substates is compared to
the dephasing dynamics of MbCO predicted from molecular dynamics (MD) simulations. We assign the A
and Ag substates to different protein conformations on the basis of the agreement between the measured and
computed vibrational echoes. In the gubstate, the N-H proton and I of His64 are equidistant from the

ligand, whereas in the Asubstate, the N-H of His64 is oriented toward the CO.

Structural information is essential for understanding the
functions of proteins. Techniques such as X-ray diffractioh, I I
neutron diffractiorf, and 2D-NMR 5 have been used to 03 F
investigate the structures of many proteins and a wide variety
of other biomolecules. Despite the power of these methods, the
identification of conformational substates that interconvert
rapidly is difficult because of the limited time resolution of these
techniques. A long-standing problem of this type is the
assignment of the A conformational substates of the protein 01k
carbonmonoxymyoglobin (MbCO).

The infrared (IR) spectrum of the CO stretching mode of
MbCO has three absorption bands, denotgd-A1965 cntl), 0.0
A1 (~1944 cnm), and A (~1930 cntl), as shown in Figure 1900 1920 1040 1960 1950
15-8 |t has been suggested that different electrostatic environ- frequency (cm™)

ments in the heme pocket arising from distinct structures are _.
: : s g g Figure 1. Background subtracted IR spectrum of horse heart MbCO
largely responsible for the observed bafd#e distal histidine at pH 7 and 298 K (solid curve) and deconvolution into the A,

His64 plays a prominent role in determining the CO stretching ang A, substates (dotted curves) based on the line shapes and widths
frequencies, but the tautomerization and orientation of this predicted from the MD simulations. The total calculated linear spectrum
residue remain controversiil31%11 His64 has two titratable  (not shown) has very good agreement with the measured spectrum.
nitrogens, N and N, either of which can be oriented toward
the ligand through rotation of the imidazole ring. This residue exact orientation of His64 is uncert&ifi.Also, the tautomer-
is also fairly mobile and has been observed at a wide variety of ization state of the singly protonated His64 at neutral pH is
distances from the CO ligarfe:12At low pH, His64 is thought unclear.
to be doubly protonated and has been observed in the low pH  structural calculations have provided insight into the origins
crystal structure rotated out of the heme binding pocket away of the A, and A substates. Rovira et #l.performed mixed
from the CO ligand? This conformer, with little interaction  guantum mechanical/molecular mechanical calculations for
between His64 and the ligand, is thought to correspond to the various possible conformers for the A substates. On the basis
Ao substate, because at low pH thg Ile is the most intense  of shifts of the CO vibrational frequency, they concluded that
IR absorption band. In addition, mutations of His64 to apolar Hisg4 exists as the N-H tautomer with the proton pointed
residues produce an A substate band at approximately the samgyward the ligand. However, they were unable to assign specific
frequency as the fline?3 At pH greater than 6, the Aand structures to the Aand A; substates. Other computational
As substates are the most populatédi Crystal structures at  studied! have proposed structural assignments for theaid
neutral pH indicate that His64 is rotated into the heme pocket A substates using thesNH tautomer, which also reproduce
and is much closer to the ligand than in theshibstate, butthe  the trends in the IR frequency shift. These studies illustrate that
*To whom correspondence should be addressed. E-mail: fayer@ cpmputatlons of CO vibrational frequenc!es a,SSOC'ated W'th
stanford.edu. different structures cannot unambiguously identify the configu-
T Stanford University. rations associated with the spectroscopic substates.
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Figure 2. Comparison of the measured (dotted) and calculated (solid) spectrally resolved vibrational echo decays at ZQ8-KGpR, and 7
ps. The detection frequencies are 1946 €fA—C) and 1932 cm! (D—F).

ers of a protein undergo characteristic motions, which lead to modifications were taken from the AMBERand OPL%® force
distinct time-dependent dynamic vibrational line shapes. The fields. All modifications were consistent with MOIL. Vibrational
time-dependent dynamic line shape of a protein conformational echo experiments measure the dephasing rate of a spectroscopic
substate therefore acts as a signature of the underlying structuretransition, which is a combination of energy relaxation (lifetime
Experimental techniques such as ultrafast infrared vibrational contributions) and pure dephasing (adiabatic fluctuations of the
echoe® 17 and multidimensional vibrational echdé§ 2 are energy levels$22 The lifetime contribution can be measured
capable of measuring the fast structural dynamics of proteinsindependently with pumpprobe experiments and has been
through the effects of these fast structural motions on dynamic shown to contribute negligibly to dephasing in MbCO at 298
vibrational line shapes. Unlike NMR techniques, vibrational K_.8The CO transition frequency is highly sensitive to the electric
echoes probe dynamics on the subpicosecond time scale. Suckield in the heme pockét!3 The pure dephasing dynamics were
time scales are readily accessed with molecular dynamics (MD) therefore modeled as a time-dependent Stark effect perturbation
simulations. The combination of the two techniques enables aof the transition frequency arising from the fluctuating electric
direct comparison between the dynamics predicted from MD fie|d at the CO caused by protein and solvent motib#s.

for a given structure and the experimentally measured dynamics.Tpe frequency fluctuations take the ford(t) = /I[E(t)-ﬁ(t)

The vibrational echo technique has been described in detail _ [E'ﬁﬂl with 7(t) the electric dipole moment of CCE(t) the
previously*1-22In the spectrally resolved stimulated vibrational instantaneous electric field at the midpoint of the CO bond, and
echo experilments reported here,lan IR pulse (center frequency/l the Stark coupling constant, discussed further below.' We
; égirzcsrglit’ i?]?g(tjr\:\; féh;ulgssescr\jvritr,w F\)/\L/J;/Z (\i/L(]ercat%?sIr_? 1a8r? dfi) calculateoﬁ(t) from.MD tr{:\jectories using Coulomb’s law in a
with variable delay timer between the pulses wiﬁi andk vacuum and atqmlc partial charges. The frequency-frequency

- =2 correlation function (FFCRYw(t) dw(0)Owas used to calculate

and with variable delay time, between pulses W'thz andk_g. the linear absorption spectrum and the spectrally resolved three-
The beams were crossed and focused (spot-si2&0um) in o . . )
pulse vibrational echo signal. The linear absorption spectrum

Ikhisigr:pi ’_aEfF;[E:S\Q%Ztt';?SA %?g%t?c')%ne.}]hvgisib?g%ﬁ:fj e'ght:efor each substate was calculated from the FFCF by treating each
s?gnal was dispersed ina 0.5 m monochr.omator (210 lines/mm transition as a qu_antum two-Iev_eI system coupled to a_classical
resolution of 1.5 cmt) and detected with a HgCdTe detector. solvent. The third-order nonlinear response function was

The ~20 mM MbCO sample was prepared by dissolving horse calculated by treating each substate as a quantum three-level

heart Mb (Aldrich) in 0.1 M phosphate pH 7 buffer and reducing system interacting with a classical solvéhtThe nonlinear
with dithionite under a CO atmosphere. The sample was response function for each substate was computed from the eight

centrifuged prior to reduction and filtered before loading into a "€lévant Feynman diagrarfi$Z® Each nonlinear response func-
50 um gastight custom IR sample cell with Gakindows. t!on was convolved with .the tempor.al proflles of the excitation
Molecular dynamics simulations were performed using the f|eld§, and the total non_llne_ar polanzgtlon was computed from
MOIL software packag® on one molecule of sperm whale a weighted sum of polarizations associated with each qonformer.
MbCO, 2627 rigid water molecules, one $Opresent in the The power spectrum was then computed as a function of_the
crystal structure, and two Naadded to ensure electroneutral- delay timesr andT, and evaluated at the detection frequencies
ity.24 Echo calculations reported here for theNH structure for comparison with vibrational echo data.
are based on 39 production trajectories totaling 12.7 ns in  Figure 2 presents spectrally resolved three-pulse vibrational
duration. The initial N—H structure was generated from an echo decay data at 298 K for horse heart MbCO. Measured
equilibrated N—H structure by moving the proton, which echo decays are shown by dotted lines at two detection
required modification of the original force field. Where possible, wavelengths, 1946 and 1932 cinfor T, = 0, 2, and 7 ps. As
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Figure 3. MD snapshots of the R and B conformational substate
structures of the distal pocket. The heme group, CO ligand, distal His64,
and proximal His93, are shown. (A) The R substate hasHNoriented
toward the CO ligand and \briented toward the solvent. (B) The B
substate has N-H and Ny both approximately equidistant from the
ligand. Both N—H and N, are in the interior of the heme pocket. Color
scheme: C, gray; N, blue; O, red; H, white; Fe, orange.
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mean distance from \to CO is 5.8 A. In the B state (Figure
3B), His64 has rotated about thg-€C, bond relative to the R
state, such that both the.proton and Ny are approximately
the same distance from the ligand, with mean distances of 4.6
and 4.8 A, respectively. In the B state, the-N bond is not
oriented directly toward the ligand, and both-NH and Ny are

in the interior of the protein.

To identify the simulated states R and B with the spectro-
scopic substates Aand Ay, respectively, we have calculated
separate FFCFs for the R and B states. The line shape for each
conformer was calculated and used to deconvolve the linear
absorption spectrum of horse MbCO (Figure 1, dotted lines).
The splitting between the A states and their relative populations
were allowed to vary, producing a 12 cirdifference between
the Ay and Ag transition frequencies. No FFCF was available
for the Ag substate from the MD simulations. The B state FFCF
was therefore used to approximate thg suibstate dynamics.
This approximation introduces a negligible error in our analysis
of the Ay and Ag substates because the Substate 1965
cm™Y) is minimally populated{5%) at this pH and has only a
small effect on the linear absorption and vibrational echo data.

Figure 2 compares the measured (dotted) and calculated
(solid) spectrally resolved three-pulse vibrational echo decays
at two wavelengths and three valuesTf The calculated curves
use the FFCFs for the B and R substates derived from the MD
simulations, and transition frequencies and relative populations
derived from the linear spectrum deconvolution. The only
adjustable parameter in the echo calculation is the Stark coupling
constantl, whose optimum value was found to be 1.9dm
(MV cm™1). This quantity has been measured by Park ét al.
from vibrational Stark effect experiments on an aqueous MbCO
sample. Park et af! reportA = 2.4f cm~Y(MV cm™1), with f
a correction factor obeyinig> 1 that accounts for the difference
between the local and externally applied electric fields in a
dielectric medium. The appropriate value fas dependent on
the model of the dielectric mediufAThe calculation reproduces
the more rapid dephasing decay at 1932 tnelative to 1946
cm1, as well as thd,, dependence, which reflects the dynamics
of slower spectral diffusion process€g? The predicted and
measured dynamics for the;Aand Ag substates in Figure 2
agree remarkably well. In addition, with a value bf= 1.9

Tw is increased, the echo decay increasingly reflects the effectscm™Y/(MV cm™1), the difference in mean frequencies of the R

of slower dynamicd’-2° The signal at 1932 cm decays more
rapidly than the signal at 1946 crh and the signals at the two
detection wavelengths change differently as the valug,as
increased. The time-dependeii},{dependent) dynamic vibra-
tional line shape is the Fourier transform of the vibrational echo
decay?83°The different vibrational echo decay line shapes and
distinct T,, dependences at the two detection wavelengths

and B states determined from MD simulation is 18@énsimilar

to the 12 c! splitting of the A and Ag lines in the absorption
spectrum. The extent of the agreement between the predicted
and measured dynamics is strong evidence for the assignment
of the B and R structures with the.NH tautomer to the A

and Ag conformational substates of MbCO.

The R configuration that we assign to; A similar to the

indicate that the conformational substates that give rise to the structures observed in many crystallographic stu#ié2and
vibrational echo signal at these detection frequencies havealso resembles the predominant structure proposed by Rovira
distinct fast structural dynamics, as sensed by the CO ligand et al20 Rovira et al. also considered a structure (structure IV of

bound at the active site.

MD trajectories of the instantaneous Stark shifi(t) for the
N.—H structure show pronounced two-state behavior with a red

Figure 3 in that workd) that, like our B state, has the His64
rotated so that the N-H points away from the ligand, but with
N, closer to the ligand than in the B structure. They proposed

transition frequency state R and a blue transition frequency statethat their structure could contribute to they Aine. Our

B characterized by Stark shifts fluctuating about mean values
separated by 9in units of cnm?, with A the value of the Stark
coupling constant expressed in conventional units of'lV
cml). States R and B differ primarily in the orientation of His64
relative to the ligand. Representative configurations of both

experiments and calculations show that the B structure is
consistent with A. The B configuration that we assign to, A
has not been reported crystallographically. However, whereas
the A; substate is the most populated substate in solution, the
A3 substate is most populated in pure MbCO crystalslso,

states taken from the simulations are shown in Figure 3. In staterotamers of His64 might be difficult to distinguish in an X-ray

R (Figure 3A), the N—H bond points toward the CO ligand
with a mean distance from H to CO midpoint of 3.2 A. The

structure, especially if the residue is relatively flexible. There
is still no consensus from crystallographic d&tan the exact
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configuration of His64. The interconversion time between A lleana Stoica and Prof. Ron Elber for helpful discussions
and A states in solution has been estimated by Johnsor*ét al. regarding MOIL.

to be~1 ns, whereas the interconversion time betweeffA

and Ay is estimated to be-1 us. These estimates are consistent References and Notes
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