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Protein Reaction Kinetics in a 
Room-Temperature Glass 

Stephen J. Hagen, James Hofrichter, William A. Eaton 

Protein reaction kinetics in aqueous solution at room temperature are often simplified by 
thethermal averaging of conformational substates. These substates exhibit widely varying 
reaction rates that are usually exposed by trapping in a glass at low temperature. Here, 
it is shown that the solvent viscosity, rather than the low temperature, is primarily re- 
sponsible for the trapping. This was demonstrated by placement of myoglobin in a glass 
at room temperature and subsequent observation of inhomogeneous reaction kinetics. 
The high solvent viscosity slowed the rate of crossing the energy barriers that separated 
the substates and also suppressed any change in the average protein conformation after 
ligand dissociation. 

A physical understanding of protein struc- 
ture and function is becoming increasingly 
important to biology ( 1  ). Srnce the proneer- 
ing work of Austin and others (2 ) ,  myoglo- 
bin (Mb) has been the paradigm for such 
studies. A t  temperatures below the glass 
transitron of the solvent (T, ;=. 180 K for 
3 : 1 glycerol-water mixtures), the geminate 
lrgand rebind~ng kinetrcs of Mb after pho- 
todissociation of its carbon lnolnoxide com- 
plex are widely distributed, extending from 
microsecollds to kiloseconds. These kinetics 
have been explained by the simple idea that 
Mb molecules at low ternnerature are "fro- 
zen" into conforlnat~onal substates, each 
binding with a different exponential rate 
(2).  A t  room temperature in water, gemi- 
Inate rebinding is nearly exponential ( 3 ) ,  
\vhich indicates that the energy barriers 
that separate substates are sufficiently low 
for thermal averaging to occur on the nano- 
second time scale at \vhich rebinding oc- 
curs. From a study of the viscosity depen- 
dence of the conformational relaxation af- 
ter ligand dissociation in Mb, Ansari e t  al. 
(4)  suggested that the trapping of confor- 
mational substates at low temperature may 

Laboratory of Chemical Phys~cs, Bud lng 5, National In- 
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result more fro111 high solvent viscositv than 
from energy barriers internal to the protein. 
Here, we confrrrn this hypothesis by sho\v- 
ing that Mb embedded in a glass at room 
temperature exhibits lrgand binding krnet- 
ics similar to those observed at low temper- 
ature. The ligand binding rates are distrib- 
uted, and there 1s no evidence for confor- 
mational relaxation after ligand dissocia- 
tion. The  averaged gelnillate rebinding 
rates 111 the glass are much higher than 
those of the relaxed protein, which points 
to the f~~nc t iona l  consecluence of conforma- 
tional relaxation. These studies suggest a 
reinterpretation of previous low-tempera- 
ture kinetic data as well as a clai'iflcation of 
the relation between kinetrds, neutron-scat- 
tering experiments (5), anii. ~ ~ o l e c u l a r  dy- 
namics simulations of "glass-lrke" transi- 
tions in proteins ( ( 6 ) .  

Conforrnational changes play an impor- 
tant role in the kinetics of Mb as well as of 
hemoglobin. In aqueous solution at room 
temperature, the gelnillate rebinding of car- 
boll monoxide to Mb is much slower than 
predicted by an extrapolation of the low- 
temperature distribution of gemillate rates 
(3). In addition, the average rate of geminate 
rebinding decreases as the temperature is 
increased through the solvent-glass transi- 
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tion (2) .  This slowing of the kinetics was 
originally attributed to multiple geminate 
states that become accessible to the  ligand a t  
higher temperatures (2 ,  7). More recently, it 
has been explained by a structural relaxation 
of the protein that raises the  average energy 
barrier for the ligand binding reaction but 
does not occur at low temperatures because 
it is frozen out (8, 9).  This relaxation h- 
volves a displacement of globin atoms away 
from the heme and is caused by a displace- 
ment of the heme iron from the mean nor- 
phyrin plane upon ligand dissociation (10). 

Spectroscopic observation of the  struc- 
tural relaxation (4 ,  11-14), as well as ki- 
netic modeling (14) ,  are consistent with 
this explanation. This relaxation in glycer- 
ol-water is highly extended in time, ranging 
from hundreds of femtosecixlds to  nearly 1 
ILS at 300 K (13) ,  and its time course can be 
closely approximated by a stretched expo- 
nential f~lnct ion {that is, -exp[- ( K  t)P], 
where K !  is the  relaxation rate constant, t is 
time, and p < 1, determines the degree of 
the "stretch"). Ansari et al. (4 ,  14) investi- 
gated the  effect of solvent viscosity o n  the  
latter portion of this relaxation at solvent 
viscosities q = 1 to 300 centipoise (cP) and 
temperatures T = 268 to  308 K. They found 
that the  relaxation rate exhibits a Kramers- 
like (15) inverse dependence o n  v~scosity, 
such that 

where C = 7 xlO1%P/s, R = 8.31 J/mol 
K p l ,  and EL, -= 10 kJ/mol; u .= 4 cP repre- 
sents the contribution of the protein to the 
total friction for the  relaxation. Extrapola- 
tion of this result to the limit of a solvent 
glass transition, where q approaches 10" cP  
(1 6) ,  implies an  overwhelming suppression 
of K '  by the  viscosity-dependent pref'lctor as 
T approaches T,. T h e  slowing of protein 
relaxation near Tg ~vould then result not 
from energy barriers within the protein [the 
term exp(-EJRT) in Eq. 11, but from slow 
dynamics in crossing these barriers as a result 
of the friction imposed by the  high solvent 
viscosity [the term C / ( o  + T) in Ecl. 11. Is 
this extrapolation valid? If so, is the rate of 
substate interconversion equally sensitive to 
viscosity? Ansari et al. (4)  proposed that a 
sufficiently viscous solvent might suppress 
both interconversion and relaxation ln Mh. 
Suppression of substate interconvers~oll 
would give rise to inhomogeneous kinetics 
even at 300 K, whereas suppression of relax- 
ation wo~lld yield faster rebinding (17). 

T o  test this prediction, we studied ligand 
billding ill t he  carbon monoxide complex of 
myoglobin (MbCO)  embedded in  a glass at 
room temperature. W e  prepared the  sample 
by dehdr;tt ing a thin layer of a concentrat- 
ed solution contai~lillg sperm whale MbCO, 
aqueous buffer, and a sugar, trehalose. T h e  
trehalose solution undergoes a glass transi- 

Time (s) 

Fig. 1. The fraction N(t ,Ti of molecules renialnlng 
unliganded at time t after photolysis. N(t,T) was 
obtained from the amplitude of the average differ- 
ence spectrum [basis spectrum (U,(A) shown in 
inset]. The data (ponts) are for the temperatures 
(from bottom to top) 297, 254, 224, 187. 152. 
135, 1 1  6, and 105 K. Time-resolved photolysis 
difference spectra of MbCO in trehaose were col- 
lected with a nanosecond spectrometer (30) and 
analyzed by s~nguar value decompos~t~on (SVD), 
which represents the data from all values of T and 
t in terms of a single set of bass  spectra (37). The 
curves were obtained from a f~ t  to the datawith the 
use of the model of Eq. 2. 

tion upon drylng (18) ,  leaving M h C O  em- 
bedded in a r ig~d  ( q  > 10" cP)  sugar 
matrix. T h e  trehalose glass is nresumed not  u 

to affect protein structure significantly, be- 
cause trehalose occurs naturally a t  high 
concentration in the  cells of many organ- 
isms that have adanted to survive exte~lded 
periods of dehydration in arid environ~nents 
(1 9) .  In  fact, one mechanism proposed to 
explain anhydrobiosis is the  forlnation of a 
trehalose glass in the cytoplasm upon dehy- 
dration, thereby arresting biochemical ac- 
tivity until water becomes available ( IS ) .  

T h e  population of unliganded protein 
molecules a t  times ranging fro111 nanosec- 
onds to lnilliseconds after photolysis of 
M b C O  in trehalose was obtained from the  
overall amplitude of the photolysis differ- 
ence spectrum (Fig. 1).  Over the entire tern- 
mrature range T = 105 to 297 K, the re- - 
biniiing kinetics consist of a rapid and clearly 
nol~exponential geminate process. T h e  ex- 
ponential and bimolecular rebinding present 
in fluid solve~lts near 100 K is not observed. 
Thus, we find near 300 K reblllil~ng that 
resembles the lo~v-temperature ( T  < 200 K) 
kinetics of M b C O  in elvcerol-water solvents. 

L 2  2 

T h e  simplest interpretation of this result is 
that the glassy solvent suppresses both inter- 
conversion of conforlnatiol~al substates and 
confi~r~mational relaxation at all tempera- 
tures. T h e  following quantitative analysis of 
the  data supports this concl~~sion.  

T h e  time-resolved photolysis difference 
spectra obtained for M b C O  in the  trehalose 
glass call he represented as linear cornl~ina- 
tions of two basis spectra (20,  21).  T h e  first 

-- -p 

400 420 440 460 

Wavelength (nm) 

Fig. 2. Dev~ation from average difference spec- 
trum [basis spectrum U,(A)] for Mb In room-tem- 
perature glass (solid line) and in a glycerol-water 
souton at 300 K (long dash) and at 190 K (short 
dash). 

spectrum, U,(A) (where A is the  wave- 
length), is the  average p l ~ o t o l ~ s i s  difference 
spectrum, and its time-dependent ampli- 
tude Vl ( t ,T )  accurately represents the  li- 
gand rebinding kinetics. T h e  second spec- 
trum, LT2(h) ,  describes deviations from the  
average spectrum, and the  time course of its 
amplitude V2(t ,T)  contains information 
about the  protein conformation. T h e  dou- 
bly peaked shape of LT,(A) (Fig. 2) approx- 
imates a derivative about the  absorption 
~ n n x i ~ n a  of Mb (-432 n m )  and M b C O  
(-422 nm) ;  V2(t,T) therefore describes a 
frequency shift of hot11 the  M b  and M b C O  
spectra toward shorter \vavelengths during 
rebinding. A spectral shift of both peaks in  
the  difference spectrum strongly indicates 
"kinetic hole burning," in which the  spec- 
tra are inhomogeneously broadened alnd 
molecules that exhibit red-sliifted Mb and 
M b C O  spectra rebind at a faster than aver- 
age rate (22).  This spectral change is ob- 
served a t  all temperatures (with some dif- 
ferences that are a result of thermal broad- 
ening),  which indicates that hole burning 
occurs even at 300 K. For comparison, Fig. 
2 also shows LT2(A) observed for M b C O  in a 
glycerol-water solution after nanosecond 
photolysis at T = 190 and 300 K. A t  190 K, 
where rapid spectral changes arise from ki- 
netic hole burning rather than from confor- 
mational relaxation (23) ,  U (A) is similar 

A ? I  to that observed at all temperatures in the 
trehalose sample. A t  300 1C, !?here the spec- 
tral changes in the  glycerol-water solvent 
result from a relaxation of the  M b  photo- 
prod~lct ( 4 ,  11, 12,  14),  LT2(A) in that 
solvent resembles a derivative of the Mb 
Soret peak alone, with little amplit~lde near 
the  M b C O  peak. Thus, il~lalitative analysis 
of the  spectral cha~lges described by U2(h)  
indicates that they result from kinetic hole 
burning: even near 100 K, the glass sup- 
presses both interconversion between con- 
formational s~~bs ta te s  and protein relax- 
ation for the  duration of ligand rebinding. 
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Fig. 3. Average spectral frequency shift Su(t,T) of 
photolyzed molecules versus N(t,T). Data from all 
values of Tfal on essentaly the same curve, which 
m p e s  that spectral shifts during gand  recombi- 
nation result from kinetc hole burning, rather than 
from conformatonal relaxation. The deviaton for T 
> 250 K (at N < 0.2) can be attributed to popua- 
tion of the addit~onal geminate state C. 

Agmoll and others (23,  24) have dis- 
cussed a "universal" behavior that provides 
a quantitative test for hole burning in in- 
homogeneous systems. If the  absorption 
spectra of individual substates within the  
photolyzed p o p ~ ~ l a t i o n  have a property q = 

q(It) (where q = the  center wavelength) 
that correlates with the  substate rehindine 
rate It, a plot of the  average (q) versus N( t )  
measured durillc rebinding vields a curve 

u L ,  

that is nearly independent of temperature. 
This 1s true onlv if hindinc to each substate 

u 

is a single exponential process, which is not  
the  case if relaxation-that is, q = q(It,t) 
and k = k(q,t)-occurs. In  Fig. 3, the  aver- 
age spectral frequency shift Gv(t,T) [x 
V2(t,T)/V,(t ,T)] of the  unliganded mole- 
cules in the  photolyzed sample is plotted 
against the  unliganded population N( t ,T)  
[ K  V l ( t , T ) ]  a t  several temperatures. This  is 
analoeous to  a olot of (4) versus N .  T h e  , A ,  

data approximate a single curve for T = 

105 to 297 K, which indicates that  the  
spectral changes result frotn hole burning 
rather than from protein relaxation. Devi- 
ations become significant only ahove 250 
K for values of N less than  ahout 0.2, 
where a n  additional ligand state compli- 
cates rebinding and the  above test cannot  
apply (21 ). 

Motivated by the observation of a distri- 
bution of ligand rebinding rates (Fig. 1)  and 
by the  spectral evidence for kinetic hole 
burning (Figs. 2 and 3 ) ,  we have fitted 
N( t ,T)  to  a n  inhomogeneous, nonrelaxing 
substate rnodel (2 ,  7): 

Fig. 4. (A) The rate prefactorsA,,(H,,) and (B) the 
enthalpy dstributon g(H,,) obtained by fittng the 
ligand binding kinetics of Fig. 1 to the substate 
model for T = 105 to 297 K. We obtained a dis- 
crete approximation to g(H,,) by consderng m 
substates distributed uniformly over the interval 
H, = 0 to 28 kJ/mol. From HI,,, A,,(Hf,,), and 
the rates k,,(T) and k,,(T), the unliganded popu- 
laton N, of each substate i from 1 t o m  is calcuat- 
ed as a function of t and T; g(H1,,) is then the 
weght w~ th  which substate i must contribute to 
the kinet~cs n order to fit the sum over the sub- 
states Z,[g(Hf,,)N,(t ,T)] to the observed N(t ,T). 
The choice m = 32 m~nimzes the residuals. 

W e  assume that  a CO molecule call move 
between three sites within the  protein: A ,  
B, and C .  Photolvsis dissociates the  lieand - 
from the  hound state A to  an  ~ ~ n b o u n d  
state B w ~ t h  the  CO adiacent to  the  heme. 
from which it r e h ~ n d s  hy thermal activa- 
t ion over a barrier of height H,,4. T h e  rate 
of passage from B to A is k,, = A,, 
(TIT , )  exp(-HBA/RT),  where Tc, = 180 K 
and the  prefactor A,, has the  d~ lnens ion  
l/seconds. T h e  second gelnillate state C 
corresponds to  the  ligand located a t  a n  
additional site in the  protein Inore distant 
from the  heme and accessible from B. T h e  
rate of passage between B and C is deter- 
mined by energy barriers H,, and Hen 
and rate prefactors A,,,, A,:,. Each of the  
m structural substates of the  g rote ill is 
assumed to  have a different value for H,,: 
a f ~ ~ ~ l c t i o ~ l  g(H,,4) gives the  fraction of 
molecules occupying the  substate charac- 
terizeii by a given value of H,,. Unl ike  
p r e v i o ~ ~ s  a ~ t h o r s ,  we allow the  rate pre- 
factor ABA to  vary among substates (25) .  
A fit t o  N ( t , T )  yields g(H,,) and  the  
other  paranleters of the  model. 

T h e  inholnoeeneous model provides - 
good agreement with the data over the en- 
tire temperature range (Fig. I ) ,  which indi- 
cates that substate interconversio~l is sup- 
pressed even near 300 K. T h e  resulting 
g(H,,4) (Fig. 4B) is a smooth, nearly sym- 
metric distribution peaked a t  HBP, = 6.3 
kJ/mol, with a full-width a t  half-maximum of 
6.3 kJ/mol. Unlike A,, in glycerol-water 
solvents, which is relatively independent of 

H,,4, A , ,  in trehalose hlls allnost exponen- 
tially as HBPl increases (AB,,"n"'/An~4""" - 
10" (Fig. 4A).  State C contributes little to 
the kinetics except near room temperature, 
hecause HBc - 38 kJ/lnol and H,,, - 34 
kJ/lnol are large values. 

Because the  kinetic and soectral evi- 
dence show that neither suhstate intercon- 
version nor co~lfor~national relaxatio~l oc- 
curs from 10 11s to 100 Ins after photolysis 
in  the  elassv solvent, we conclude that  the  

L, , 
resulting g(H,,) represents the  enthalpy 
distribution of the  unrelaxed nrotein. T h e  
suhstate-averaged CO rehillding rate for 
unrelaxed M b  a t  300 K is t h e n  calculated 
to be (It,,) = 5.1 x 10' s p l ,  -2500 times 
greater than  the  rate = 2 X 10's-' 
observed for the  fully relaxed protein in  
aqueous solvents (14) .  This collfirllls the  
hvnothesis that  relaxation of M b  raises the  

1 L 

average barrier (H& and therefore slows 
ligand rebinding (8,  9 ,  14) .  

Because of the Kramers-like relaxation 
rate sho\vn in Eu. 1, it is like111 that exoo- 

& .  

nential growth of solvent viscosity near the 
solvent class transition, rather than high 

u u 

energy barriers, accounts for the  slow Mb 
conforlnational dynamics observed in previ- 
ous low-temperature studies. Those studies 
may therefore have revealed Inore about the 
low-temperature v~scosity of glycerol-water 
ln ix t~~res  than about the  energy barriers sep- 
arating protein confor~natiollal substates 
(26) .  T h e  fact that f~~nct ional ly  significant 
conformational chances are sensitive to vis- 

u 

cosity suggests that they correspond to srnall 
 notions of the protein molecule that dis- 
place the  solvent, such as a slight reposition- 
ing of the  helices. This is in contrast to 
isolated local motiolls such as side chain 
rotations, which exhibit a "glass-like" tran- 
sition near 200 K in neutron-scattering (5) 
and lnolecular dynarnics (6 )  studies of slight- 
lv hvdrated Mh. Recent exnerirnents on , 2 

conformational equilibration in slightly hy- 
drated Mb sunnort this view (and also lnav 
allow a determination of the  size of the  
energy barriers separating protein conforma- 
tions). In  the  absence of a glassy solvent, 
confc)rmational transitions are ohserved a t  
temperatures a t  least as low as 78 K (27).  
Evidently, a glass transitio~i. is ~ 1 ~ o t  necessar- 
ily a feature of the co~lforlnational kinetics 
of the protein (28).  

Recent x-ray studies have suggested that 
confor lnat io~~al  relaxation can occur in a 
nroteill e~nhedded in a solid a t  low ternner- 
atures (29) ;  the  viscosity dependence of this 
relaxation m ~ ~ s t  differ from that sho\vn in 
Eq. 1 to  allow a finite rate in the  limit of 
infinite solvent viscosity. Our  kinetic data 
suggest that this relaxation either (i)  occurs 
outside our experinlental time window at  
telnneratures hetween 100 and 300 K or iii) 
is spwtroscopically invisible and does not 
influence the  ligand rebinding kinetics. 
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Finally, it is interesting to  note that,  in 
fluid solvents, the  earliest spectroscopic 
changes observed in Mb at  room tempera- 
ture occur within a few picoseconds of pho- 
todissociation (13).  Because this time scale 
is comparable to the shear relaxation time 
of the  aqueous solvent, the solvent response 
to the  fastest conformational changes is ex- 
pected to resemble that of an  elastic solid. 
Picosecond-resolved optical studies of our 
system may therefore show that the  fastest 
conformational changes of a protein appear 
similar in water and in a glass. 
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Binding of CO to Myoglobin from a Heme Pocket 
Docking Site to Form Nearly Linear Fe-C-0 

Manho Lim, Timothy A. Jackson, Philip A. Anfinrud* 

The relative orientations of carbon monoxide (CO) bound to and photodissociated from 
myoglobin in solution have been determined with time-resolved infrared polarization 
spectroscopy. The bound CO is oriented 5 7  degrees from the heme normal, corre- 
sponding to nearly linear Fe-C-0. Upon dissociation from the Fe, CO becomes trapped 
in a docking site that orientationally constrains it to lie approximately in the plane of the 
heme. Because the bound and "docked" CO are oriented in nearly orthogonal directions, 
CO binding from the docking site is suppressed. These solution results help to establish 
how myoglobin discriminates against CO, a controversial issue dominated by the mis- 
conception that Fe-C-0 is bent. 

T o  understand how the  structure of a pro- 
tein affects its function, it is crucial to know 
the  structures of intermediates in  the  reac- 
tion pathway. Myoglobin (Mb) ,  a protein 
that reversibly binds small ligands such as 
0, and C O ,  has long served as a model 
system for probing protein control of ligand 
binding and discrimination ( I ) .  T h e  active 
binding site in Mb consists of a n  iron(I1)- 
containing porphyrin, known as a herne, 
embedded within the  hydrophobic interior 
of the  globular protein. It is well known 
that the  protein ellvirolllnent modulates 
the  activity and selectivity of the  herne: C O  
binds to  free heme ahout l o 3  to  l o 4  times as 
strongly as O2 (2 )  hut hinds to the  heme in  
Mh only 30  times as strongly as O2 (3) .  
Because C O  is produced endogenously by 
the ~netaholisln of heme (4), discrilninatioll 
against this toxic ligand is thought to  be 
biologically important. 

A structural hasis for discri~nination 
against C O  was implicated hy the  crystal 
structures of liganded Mb and model heme 
compounds: it was fou~ ld  that C O  binds to 
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M b  in a bent Fe-C-0 geometry (5) hut 
hinds to  lnodel hernes in a lillear geometry 
(6) .  It was presumed that the  protein forces 
CO to  bind in a bent geometry, thereby 
reducing the  affinity of the  heme for C O  (2 ,  
7 ) .  Because 0, hinds to Mb (8) and model , , 

helnes (9)  in  a similar bent configuration, 
the  steric hindrance imposed by the  protein 
o n  bound O2 was presumed to be negligible. 
This lnechanis~n for reducing the  binding 
affinity of M b  for C O  seems compelling. 
Indeed, it has hecome a classic example of 
the  relation between s t r u c t ~ ~ r e  and function 
in proteins (10) .  However, the  premise that 
Fe-C-O is hent in MhCOb(I  l :  12) and the  
assumption that bending is f~~nc t iona l ly  im- 
portant (1 3 )  r e~na in  contr~vats ia l .  

T h e  angle of CO relative to  the  heme 
 lane normal of M b C O  has heen deter- 
mined by a variety of techniques, sollle of 
which are detailed in Table 1. T h e  x-ray 
a ~ l d  neutron diffractioll crystal structures 
provide the  strongest evidence for a bent 
Fe-C-0, with the  C O  orientation ranging 
from 19" to 60". T h e  discrepancies hetween 
P2,  and P6 crvstal structures might result 
fro111 differences in crystal packing: P6 crys- 
tals contain more water and therefore might 
be a hetter nlodel for M b C O  in  solution 
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