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Protein structural dynamics plays a significant role in the control
of protein reactivity and thus its function. One prominent example
is that conformational relaxation of myoglobin (Mb) and hemo-
globin (Hb) after deligation slows the rate of ligand rebindint).
Protein undergoes a broad range of structural fluctuation including
a large-amplitude collective motion as well as a smaller and more
local internal motion. Delineating which and how global motion
of a protein is coupled to functionally important internal motions
of the protein is essential to understand biomechanics of prétein.
One way of studying the coupling between various protein dynamics T
is to influence protein surface motions, which can substantially
affect its internal structural dynamics, by varying the solvent 2130 2105 2080 2055 2030 1925 1900 1875 1850
viscosity and monitor the alteration in dynam#cst Glycerol has Efhe (em)
been extensively employed as a viscogenic cosolvent to vary solventFigure 1. Normalized and background subtracted IR absorption spectra

viscosity® and a glass-forming dried trehalose as an effectively of the stretching mode dfCO photolyzed from (leftB-state) and bound

s . . . to (right, A-state) Mb and Hb in BD (blue), 65 wt % glycerol/BO (green),
4,89
infinite viscosity solven489The trehalose glass matrix locks the 75wt % glycerol/DO (orange), and trehalose (red). The color-coded dotted

surface of protein, thereby selectively eliminating the large- vertical lines are shown to indicate center wavenumber of each band. Spectra
amplitude solvent-coupled protein fluctuations and cooperative of B-state are obtained at 100 ps after photolysis of CO-ligated proteins,
relaxation modes and leaving only side-chain motions and local nd those ofA-state are equilibrium spectra.

relaxation mode&1° Interconversion among taxonomic conforma-

AA (Arb. Unit)
un aivl v

— e 0.7

tional substatesA-states) of MbCO, the escape of CO from the @ MBCO in trehalose .
heme pocket, and conformational relaxation of the protein are 1 06
severely hindered in trehalose gldd$. The average geminate 0.3ps === 1

L . . . 1ps 4051
rebinding rates in the glass are much higher than those in aqueous 3.2 ps o ] )
solution due to retardation of the structural relaxation of the protein 10 ps {04 2
that raises the average energy barrier for the ligand binttide 32ps 17s
vibrational dephasing of bound CO is significantly slower for Mb 100 ps 03 =
and Hb embedded in trehalose glasses compared to that of aqueous {b) 0.7 E>U
protein solutiong?! E

Recently, we have measured interconversion dynamics of the 0.3 ps e 108 %
ligand in the primary docking site (PDS) of heme prot&ifescated 1ps 05>
on top of the heme group abi2i A from the active binding sité14 32ps =
and known to modulate ligand-binding activity by mediating the 10ps = 4 04

. h . . 32 ps =

passage of ligand to and from the active binding 5ifé Ligands 100 ps
in two states of the PDS interconvert on the picosecond time scale, Lt 0.3
and the rates are about 4 times slower in Hb than'Mbere we 2120 2100 2080 2080 0.1 10 1000
extend our early investigation and study the interconversion E/he (cm™) Time Delay (ps)

dynamics of the ligand in the PDS of Mb and Hb in viscous solvents Figure 2. Left: Representative time-resolved vibrational spectr&60D
to elucidate the extent of the coupling between the functionally Photolyzed from MBSCO (a) and HE)CO (b) in trehalose at 283K. The

. R . data ) are fit to two evolving bandsB; and B,) (—).1¢ Right: Time
important protein internal dynamics and the solvent-coupled large- evolution of the fractional population of each band of photolyzed MbCO

scale protein motion. and HbCO. The data], ») are fit to a two-states model approaching
Absorption spectra of the stretching mode of CO photolyzed from equilibrium ().22 Error bars are shown to indicate reproducibility of the

and bound to Mb and Hb in various solvents are shown in Figure data. For comparisorit) in DO was calculated by incorporating values

1 (experimental methods are provided in the Supporting Informa- of fi(0) andkz1/ki2 in trehalose intdk in DO (thick dashed black lines).
tion). Solvent modifies the resonance frequencies of the vibrational in D,0,1216 in that the spectral intensity initially grows due to
bands and the partitioning between different taxonomic structural protein rearrangemettand the bands shift and narrow due to
substates of the proteins. The modification in bound CO spectra conformational relaxation of the prot€ifiThe two bands arise from
was suggested to arise from the difference of the potential energy CO located in the PDS with opposite orientations after photolysis
surface of the proteinsTime evolution of the vibrational bands  from the proteint#1518Since the deligated CO neither rebinds nor
of CO photolyzed from MbCO and HbCO in trehalose at 283 K is escapes from the PDS during the present experimental time window
shown in Figure 27 The spectral features are very similar to those of <300 ps!® CO population in the PDS remains constant after its
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Table 1. Least-Squares Fit Parameters Obtained by Modeling the
Fractional Population and Calculated Thermochemical Values at
283 K Using the Parameters!?

ks, Uy, AG? Eqpq™*b
sample solvent (ps) (ps) f1(0) (kJ/mol) (kJ/mol)
MbCO
D,0? 10+ 05 6+04 050+0.02 1.2£0.1 7.5+0.2
65:35G/W 10+1 6.5+1 0.52+0.03 1.0£0.1 7.7+£04
75:25 G/W 14+ 2 9+1 0.54+0.03 1.0£0.1 8.4+0.3
trehalose 13t 2 8+1 054+0.03 1.1+0.1 8.2+0.3
HbCO
D,0%? 43+2 26+1 056+0.02 1.2+0.1 10.9+0.1
75:25G/W 51+8 33+6 057+0.03 1.0£0.1 11.5£0.5
trehalose 53t11 41+7 0.53+0.03 0.6+0.1 12+0.4

aThe difference free energhG = G(By) — G(B1) = —RT In(ka1/k12).
b The maximum possible rotational barrier froBa to By, E21™2 was

calculated assuming that the fastest attempt frequency for crossing the barrie

is (0.25 ps)?, the inverse time for gas-phase CO to rotate &®83 K218

establishment with a subpicosecond time séalgvhile total

population of CO in the PDS is maintained constant, the fractional
population of each band evolves in time (see Figure 2). Evidently,
the nascent distribution of photoproduct in each state is not in
thermal equilibrium, but approaches equilibrium, from which

the PDS. In addition, in contrast to ligand diffusion among the
internal pockets that requires large local motion of the protein,
ligand interconversion within the PDS should require, if any, only
small amplitude side-chain motions isolated from the solvent in
the interior of the protein.

The difference free energy betweBnstates of Hb is strongly
influenced by solvent, while that of Mb is not. The quaternary
structure may cause the solvent effect on the PDS to be more
important thermodynamically than kinetically. Interconversion
rates in the PDS of Hb in water solution are slower than those of
Mb in trehalose, indicating that the interconversion barrier in Hb
is intrinsically higher than that in Mb and is not modified by the
solvent viscosity. The quaternary contact likely plays a much greater
role in the interconversion dynamics than the protein’s surface
Eopology.
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time evolution has been described by a two-stBieafdB,) model
proceeding toward equilibrium with rate constantkgfandks,

wherek; is the rate constant frorB; to B;. In this model, time-
dependent fractional population B, fi(t) is expressed b¥i(t) =

ki’k + (fi(0) — ki/k) exp(—kt), wherek = ki + kp1.1?

The least-squares fit parameters obtained by fitfj(ty of Mb
and Hb in various solvents and their calculated thermochemical
values at 283 K from the parameters are summarized in Table 1.
The nascent yields @, after photolysis in both proteins appear to
be within experimental scatter, but they may be slightly higher in
Hb.12 The interconversion rates in the viscous solutions may be
slower than those in the aqueous solution. However, within
experimental error, the difference is negligibi€) in DO is well
overlapped with that in viscous solvents (thick dashed black lines
in Figure 2). Apparently the interconversion dynamics is minimally
coupled to dynamics in the protein’s surface topology changes of
which require motions of the solvent. If the interconversion barrier
is not altered by conformational relaxation of the protein at all or
if the interconversion barrier in the PDS is established within a
few picoseconds after photolysis and weakly coupled to the slow
global conformational relaxation, internal dynamics of the ligand
in the PDS will negligibly depend on solvent viscosity as observed
here. As manifested in the initial growth of the integrated area of
the absorption bant;1416 protein rearranges to constrain the
orientation of docked CO after photolysisThus, the intercon-
version barrier is likely modified by the conformational change of
the protein. The major proximal relaxation occurs on the picosecond
time scale even in viscous solutiéf-2°Consequently, the major
proximal relaxation as well as fast distal relaxation may be the
dominant factor establishing the interconversion barrier.

The lack of viscosity dependence in the interconversion dynamics
is consistent with findings of a recent analysis of geminate CO
rebinding in Mb using a modified Agmon Hopfield modéki The
analysis reveals a hierarchy of functionally important protein
dynamics that shows varying degrees of coupling to the solvent
under high viscosity condition’d. Among several distal pocket
modes controlling the rebinding kinetics, the distal histidine mode
is not slaved to the solveff.Clearly, there are dynamics that
influence CO rebinding to Mb that are negligibly coupled to the
solvent. This category of dynamics should be responsible for protein
motions needed to establish the ligand interconversion barrier in
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