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Rapid photochemical electron injection into unfolded ferricytochrome c titrated with 2.3 
to 4.6 M guanidine hydrochloride (GuHCI) at pH 7 and 40°C produced unfolded ferro- 
cytochrome, which then converted to the folded protein. Two folding phases were ob- 
served: a fast process with a time constant of 40 microseconds (4.6 M GuHCI), and a 
slower phase with a rate constant of 90 x 20 per second (2.3 M GuHCI). The activation 
free energy for the slow step varied linearly with GuHCl concentration; the rate constant, 
extrapolated to aqueous solution, was 7600 per second. Electron-transfer methods can 
bridge the nanosecond to millisecond measurement time gap for protein folding. 

Ullderstandillg how the  secondary and ter- 
tiary structures of proteins are forrned from 
nonnative conformatiotns is a continuing " 
challenge for theory ( 1 ,  2)  and experitnetlt 
(3-8). T h e  essential reiluirernetnt for exper- 
itnental investigations of protein-folding ki- 
netics is some tneatls of triggering the  fold- 
ing (or ~nfo ld ing)  process. A cornlnon tech- 
nique involves rapid dilution, usually by 
stopped-flow mixing, of a solution contain- 
ing protein and a denaturant. T h e  lowered 
denaturant concentration in the  mixed so- 
lution shifts the  e y ~ ~ i l i h r i ~ ~ t n  toxard the  
folded protein structure. T h e  "dead time" in 
these experiments, typically a few millisec- 
ollds or more, is too long to permit studies 
of the collapse to a compact denatured state 
( the  burst phase) in many protein-folding 
reactions (7). Triggering methods that al- 
low measuretnents on faster time scales are 
needed to uncover the  earliest events in 
protein folding (9). 

Thermodynamic analyses suggest that 
many redox-active proteins xi11 be amenable 
to a protein-folding trigger based o n  elec- 
tron-transfer (ET) chemistry. A simple cycle 
can he drau.11 connecting an  oxidized (P,,,) 
and reduced (PREIl) protein in both folded 
(F) and unfolded (U)  configurations (Fig. 1) 
(10). If the active site reduction potentials 
for the folded and unfolded states, EF and 
E,, are different (AE, = E, - EL), then the 
free energies of folding the oxidized and re- 
duced proteins, AG,,,, and AGt,REU, xi11 
differ by a colnrarable amount (AAGc = 
AGfbox - AG,,,,,). If AAG, is sufficiently 
large, denaturing conditions can be found in 
which one oxidation state of the protein is 
fullv unfolded xhereas the other is fullv fold- 
ed. A rapid ET reaction can then iniiiate a 
folding (or unfolding) process. It is impor- 
tant that the redox-active cofactor remains 
bound to the unfolded protein so that the 
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rate-determining step is folding rather than a 
birnolecular cofactor-capture process. In pro- 
teins where AE, is not large, it may be pos- 
sible to modify the active site reduction po- 
tential by means of site-directed mutagene- 
sis. ET-initiated folding, xh ich  can be ap- 
plied to ally redox-active protein with a 
reduction notential that differs sufficientlv 
from that of the cofactor in aqueous solution, 
has great protnise because of the many well- 
established techniques for rapidly injecting 
and removing electrons from proteins o n  
time scales as short as a feu. nanoseconds. 

W e  used a heme protein, cytochrolne c, 
t o  evaluate this approach. T h e  reduction 
notetltial of the  unfolded ~Trotein can be 
approximated by that of an  exposed heme 
in aqueous solution [EU = -100 to -200 
mV versus the  normal hydrogen electrode 
(NHE)  (1 0 ,  1 1 )]. T h e  heme potential in 
folded cytochrorne c is substantially greater 
[E, = 260 mV versus NHE (12)]. This 
marked increase in upon protein 
folding indicates that reduced cytochrome c 
(cyt c") is Inore stable toward unfolditlg 
than is the  oxidized nrotein 1cvt c"'). Titra- , ,  , 

tions of cyt c" and cyt cl" with guaniditle 
hydrochloride (GuHCl)  a t  pH 7 and 40°C 
(probed by Trp  fluorescence) clearly illus- 
trate this point (Fig. 2) ( 3 ,  13).  T h e  folding 
free energies for oxidized and reduced pro- 
teins depend linearly o n  [GuHCl] (Fig. 2B), 

'u, RED 'F, RED 

AGf, RED 

Fig. I. Thermodynamic cycle illustrating the rela- 
tion between folding free energies (AG,) and re- 
duction potentials (E) for the unfolded (U) and fold- 
ed (F) states of oxidized (P,,) and reduced (P,,,) 
 rotei ins. 

and ex t ra~~o la t ine  to  IGuHCl1 = 0 elves " .  " 

values for the  free energy of folding in aclue- 
ous solution (cyt c", -hG;:,,, = 61 + 10 kJ 
molp ' ;  cyt c"', -AG;sx = 30 + 1 kJ 
molp') .  These extrapolated values are con- 
sistent with the  difference it1 reduction po- 
tentials of the  folded and unfolded nroteins. 

Rapid reduction of unfolded ferricyto- 
chrome (cyt c:) in the range of 2.3 to 5.0 M 
GuHCl will produce unfolded ferrocyto- 
chrome (cyt c!), which must then undergo a 
cotlforrnational chanee to its eauilibrium " 
folded state (cyt cp). 111 initial experiments, 
Ru(2,2'-hipyridi~le)?L- (Ru2+)  n.as used as a 
photosensitizer to inject electrons into cyt 
cfj: (Fig. 3). Visible excitation of this com- 
plex generates a long-lived excited state 
(":Ru2- , exponential decay time T - 0.6 ps) 
that is capable of reducing cyt el_" to the  
ferrous state [E(Rui-/:!'Ru2+) = -0.84 V 
versus NHE] (14).  T h e  power of this ap- 
proach is that,  with pulsed-laser excitation 
(480 nm, 20 ns), cyt c: is forrned in < 1 ps, 
thus permitting the observation of early fold- 
ing events (15).  T h e  reoxidation of cyt c" by 
Ru3- ( k , ,  Fig. 3 )  limits measurements to 
titnes shorter than -1 ms. After injecting 
electrons from ':'Ru2- into cvt c!'! at 4.6 M 

1 L 

GuHC1, we observed rapid cha~lges in the  
visible absorption spectrurn that are consist- 
ent  with a cyt c" folding process. T h e  time 
constant for formation of this folding inter- 
mediate (cyt cil) is -40 ps  at pH 7 and 
40°C. This observatioll is consistent with 
studies of cyt c" folding after CO dissociation 
13). A nlausihle internretation of this result , ,  L 

is that this phase corresponds to the collapse 
of the unfolded protein into a compact de- 

0 1 2 3 4 5 6 7 8  
[GuHCI] (M) 

Fig. 2. (A) Folding titration curves for oxidized 
(Fell1) and reduced (Fe) cytochrome c, obtained 
with the use of GuHCl as a denaturant (pH 7 and 
40°C). (B) Dependence of folding free energies on 
[GuHCI] for oxidized and reduced cytochrome c 
(pH 7 and 40°C). 
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natured structure. A similar explanation has 
been offered for the fast-folding kinetics of 
cold-denatured barstar (9) and apomyoglo- 
bin (16). 

Further chaqges in ortical absorption 
snectra are e x ~ ~ e c t e d  to occur i11 cvt cl'  
f6lding during' the  rearrangement of the  
peptide around the  heme to vield the  native 
L L 

protein configuration. T o  p;obe this sloxer 
phase of cyt c" folding, n.e used an  electron- 
injection system based o n  C o ( o x ) , '  (ox, 
C ,042p)  photoche~nistry. Photolysis of 
C o ( o ~ ) ~ ~  with a 308- or 266-nm laser 
pulse generates a reducing species, presuin- 
ably the carbon dioxide radical anion 
(CO,'p),  that rapidly (<1.0 ms) injects a n  
electron into cyt c:' (Fig. 3 ) .  A t  >4 M 
GuHCl,  the  observed kinetics are dominat- 
ed by the  oxidation of cyt cil to cyt e:' by 
C o ( o x ) , '  and traces of O2 (Ito, Fig. 3 ) .  T h e  
folding rate constant (k,, Fig. 3 )  illcreases 
with decreasillg [GuHCl], and for 5 3 . 5  M 
GuHCl,  the  reoxidation process is slower 
than folding. A t  2.3 to 3.5 M GuHCl  ( p H  
7 and 40°C), clear spectroscopic evidence is 
obtained for the  formation of f ~ ~ l l y  folded 
cyt c" (Fig. 4 ) .  Multipoint transient absorp- 
tion spectra agree xe l l  x i t h  difference spec- 
tra obtained from oxidized and reduced cvt 
c i11 s o l ~ ~ t i o n s  of high and low denaturant 
concentrations. 

T h e  long time-scale ( > 1  ms) folding 
kinetics rneasured in the  region of the heme 
Soret absorption (400 and 420 n m )  can he 
described by a sum of two exponentials. T h e  
slower rate (-  1 sp ' ) ,  which was not deter- 
mined precisely a t  40°C in our experiments, 
is attributable to  oxidation of cyt c; by 
C o ( o x ) , '  or to a slower folding process. 
T h e  faster rate corresponds to the  hulk of 
the  measured absorbance change and n.as 
found to he independent of eightfold vari- 
ations in the concentrations of cyt c. O n  
the  basis of the  steady-state suectra of fold- 
ed and unfolded cyt c", the  observed rate 
constant for this process can be deconlposed 
into a sum of the cyt c;' folding rate (kc,) 
and the  rate for cyt cil oxidation (Ito = 11 + 
5 s p l )  (17).  T h e  data suggest that the  final 
step in the  formation of cyt c; is a simple 
first-order process, and, unlike ferricyto- 
chrome folding ( 4 ,  5), the  kinetics do not  

appear to  be heterogeneous. 111 fact, the  
kinetics of the  final cyt c" folding step 
resemble those of cyt c:! a t  p H  < 5, where 
l~onnat ive  His ligation to the  heme is in- 
hibited. O n e  explanation is that 
the  cyt c t  heme undergoes faster axial- 
ligand exchange than does the  ferriherne, 
such that interconversions anlone incor- 
rectly ligated hemes may not be rate-limit- 
ing in the  foldiqg reaction (18) .  

T h e  measured rate co~lstants for the  con- 
version of cyt c f l  t o  cyt c i  are a sensitive 
f~111ctio11 of [GuHCl];  kfi decreases from 90 
2 20 sp '  at 2.3 M GuHCl  to  15 5 5 sp '  at 
3.2 M GuHCl.  A plot of 111 k,, versus [GLI- 
HCl] (2.3 to  3.9 M, pH 7, 40°C) is linear 
(Fig. 5 )  (19) .  Because the  free energy of cyt 
c: folding (-AGc) also varies linearly with 
[GuHCl] (Fig. 2),  we can infer that In kc, is 
a linear function of the folding driving 
force. This behavior is consistent x i t h  that 
found for T4 lysozyme folding, where both 
the protein folding and unfolding rate con- 
stants exhibit linear free-energy dependenc- 
es (20).  A n  analysis of this behavior in 
terms of protein solvation i11 mixed solvents 
suggests that the  [GuHCl] dependence of 
k, can be described by 

xhere  APy:!: is the free energy of transfer of 
the  tralnsitioln state from aqueous solution 
to denaturant solution per unit of molarity, 
and k;; is the  folding rate constant in the 
absence of GuHCl  (20).  A fit of the cyt cl' 
folding data to  Ecl. 1 yields 4; = 7.6 x 10' 
sp '  and APs? = 1.9 Mp' .  

Although there have been few investiga- 
tions of cyt c" folding (3 ,  21, 22),  the oxi- 
dized protein has been studied in great detail 
(3-5, 23, 24). Extrapolation of cyt c" kinet- 
ics data to a denaturant concentration of 0.7 
M (typical of work with cyt c"') yields an 
estimated folding rate constant of 2.0 X 10' 
sp '  (at  pH 7 and 40°C) for the reduced 
protein. Temperature extrapolations are far 
more tenuous, but, assuming an  estimated 
activation enthalpy of 30 kJ molp' ,  we pre- 
dict It,, = 530 s p l  at 10°C for cyt c" (25). 
This value may be compared to the rate of 68 
sp '  (0.7 M GuHC1, pH 6.9, 10°C) reported 
for cyt cl" folding (4 ,  26). It is also possible 

Fig. 3. Photochemical meth- 
ods for injecting electrons hv 
into unfolded cyt cll. *Rua is Ru2+- %u2+ 
the electronically excited 
Ru(2,2'bipyr1d1ne),~+ ion. Ru3+ 
Photochemical electron in- 

$ k u 3 +  

jection from this complex is 4 2  cyt c:' - cyt c;' - cyt c:' 
reversble and can be used in 
studies of submill~second 
protein folding. lrradation of 
C~(ox),~- is used for studies C ~ ( ~ X ) , ~ -  
of protein foldng on longer 
tme scales. 7 COG cO; c02j cyt c r  /' 

to compare folding rates at a constant free- 
energy change. A t  0.7 M GuHCl  and 1O0C, 
cyt c"' folding has a free-energy change com- 
parable with that for cyt c" folding at 2.2 M 
GuHC1 and 40°C, and the corresponding 
folding rate constants are 68 s p l  (cyt c"') 
and 115 s p l  (cyt c"). 

Redox thermodynamic considerations 
indicate that the folding energetics for cyt 
c" are quite distinct from those for cyt c"'. 
T h e  entropy change for reduction of folded 
cyt c"' (AS,,) is -62 + 5 J molp l  Kp '  (1 2 ,  
27).  T h e  temperature dependence of the 
reduction potential of unfolded cyt c has 
not  been measured, but a value of AS,,: = 
12.5 J molpl  Kp'  has been reported for 
Fe(l,lO-phena~~throli~~e)~~+~~+ (28).  AII 
entropy cycle analogous to the  free-energy 
cycle in Fig. 1 indicates that the  entropy 
change for folding cyt c" is roughly 60 J 
molp'  K p '  more negative than that for cyt 
cl". T h e  folding entropy of cyt c" is offset by 
a highly favorable enthalpy of folding, at 
least 50 kJ molpl  greater than that for cyt 

Wavelength (nm) 

Fig. 4. Transient difference spectra recorded after 
electron injection into cyt cc (2.7 M GuHCI, pH 7, 
40°C). LAbs is the difference in absorption be- 
tween the transient species and cyt cc. The 
curves are [cyt c l lcy t  cc] (solid line, recorded im- 
mediately) and [cyt ckcy t  c!] (dashed line, re- 
corded after 50 ms) difference spectra. The inset 
shows the kinetics recorded at two wavelengths 
in the Soret region. 

[GuHCI] (M) 
2.0 2.4 2.8 3.2 3.6 

I ~ ~ ' I r F Z I ' ' ' I ~ ~  

- 7 - 
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Y 

- 
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I I , , ,  I I I I I I , , , , I , , , ,  
-35 -30 -25 -20 -15 -10 

AG, (kJ mol-I) 

Fig. 5. Variaton of cyt cll folding rate constants 
(k,,. pH 7, 40°C) with [GuHCI] and folding free 
energy. Open crcles. 308-nm excitation: solid c r -  
cles, 266-nm excitation. 
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c"' (29). Hence, a t  a constant driving force, 
the  enthalpy and entropy cha11ges for fold- 
ing cyt cl' are s~~bstantially more negative 
than those for cyt c"'. 

T h e  topography of the energy surface for 
folding has important kinetic consequences: 
a rough surface indicates that the protein 
has many 10~7-energy n o n n a t ~ v e  conflgura- 
tlons separated by h ~ g h  energy barrlels (1 ,  
30). Cvt  c"' fold111~ has bee11 show11 to lead 

'3 

to structures wlth nonnative His ligands 
bo~lded to the Fe center (3-5, 24). These 
111correctly folded structures rearrange quite 
slowly to the  native structure. W e  see no  
corresponding processes in cyt c", perhaps 
because the ferroheme center does not bind 
a second His ligand as tightly as does a 
ferriheme. 111 other words, there may be 
deeper traps in the  cyt c"' folding surface. 

T h e  cornplex process of protein folding 
involves dyllarnics 011 time scales that range 
from picoseco~lds to minutes. In the pico- 
secolld to  11a11oseco1ld time repime. it is 

' 3 ,  

possible to study the  mot io~ls  of amino acid 
side chains and the  foldi11g or u11folding of 
short peptide seglnents (31).  Unt i l  very re- 
cently, studies of whole-protein foldi11g 
have bee11 limited to  the  lnillisecond and 
longer time regime, where molten globules 
collapse to tightly folded structures (7). T h e  
 lan no second to lnillisecond gap in  measure- 
ment times i s  believed to encolnpass sec- 
ondary structure formatio11 and the  collapse 
to compact denatured structures. Rapid ini- 
tiation of protein foldi11g by electron trans- 
fer should be able to bridge this gap. 
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Microsecond Catalytic Partial 
Oxidation of Alkanes 

Duane A. Goetsch and Lanny D. Schmidt* 

A single layer of woven platinum-1 0 percent rhodium gauze was used as a catalyst for the 
partial oxidation of ethane, propane, n-butane, and isobutane. This configuration produced 
oxygen conversions of equal to or greater than 90 percent and had high selectivity to olefins 
and oxygenated hydrocarbons at contact times as short as 10 microseconds at atmo- 
spheric pressure. This reactor operates by rapid chemical heating (-5 microseconds) 
followed by rapid quenching to avoid homogeneous reactions, which decompose products. 
Mixing of the cold unreacted gas passing between the gauze wires with the hot product gas 
results in rapid quenching (-200 microseconds) of the products from -800" to -400°C. 
The rapid quenching avoids successive homogeneous decomposition reactions of unstable 
products such as olefins and aldehydes but still allows homogeneous chain reactions that 
produce these species. The strong variations in products with the feed alkane showed that 
the reaction pathways operating at -1 OP5 seconds are quite different than those operating 
at longer residence times. These results could have a significant effect on the direct 
conversion of alkanes to oxygenates such as formaldehyde. 

Catalyt ic  partial oxidation processes offer 
great potential for the fast, efficient, and 
economical conversion of light alkanes asso- 

u 

ciated with remote sources of natural gas into 
more valuable liquid f ~ ~ e l s  and chemicals. A 
crucial feature of such processes is the abilitv 
to attain high surface reaction rates to min- 
imize contributions fro111 nonselective ho- 
mogeneous reactions to produce C 0 2  and 
H20 ,  thus allowing selective catalytic partial 
oxidation processes to dominate. 

Department of Chemical Engineerng and Materas S ~ I -  
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Different catalytic monolith chernical re- 
actor co~lfigurations are sketched in Fig. 1. 
The  catalysts could be either metal-coated 
ceranlic mo~~ol i ths ,  transition metal oxide 
coated onto ceralnic monoliths, or metal gauz- 
es. Lower activity catalysts typically require 
the reactants to be preheated to achieve the 
desired reaction rate; however, preheating the 
reactants by conventional heat transport 
through the reactor walls produces significant 
holnogelleous reaction before the reactants 
contact the catalyst (Fig. 1A). 

Previously, we showed that porous a-alu- 
rnina monoliths coated with R h  (for syngas) 
(1 ,  2)  or with Pt (for olefins) (3) operate 
autother~~lally and give esse~ltially cornplete 
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