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Protein Folding Monitored at Individual Residues 
During a Two-Dimensional NMR Experiment 

Jochen Balbach,* Vincent Forge,f Wai Shun Lau, 
Nico A. J. van Nuland, Keith Brew, Christopher M. Dobsoni 

An approach is described to monitor directly at the level of individual residues the 
formation of structure during protein folding. A two-dimensional heteronuclear nuclear 
magnetic resonance (NMR) spectrum was recorded after the rapid initiation of the 
refolding of a protein labeled with nitrogen-15. The intensities and line shapes of the cross 
peaks in the spectrum reflected the kinetic time course of the folding events that occurred 
during the spectral accumulation. The method was used to demonstrate the cooperative 
nature of the acquisition of the native main chain fold of apo bovine a-lactalbumin. The 
general approach, however, should be applicable to the investigation of a wide range of 
chemical reactions. 

i he mechanism by which a protein folds 
to its native state after biosynthesis remains 
one of the central unresolved issues in 
structural biology (I). Studying the events 
occurring during protein folding is a major 
challenge to conventional structural meth
ods such as NMR spectroscopy because of 
their rapidity and complexity (2). Most de
tailed structural information has therefore 
been sought indirectly—for example, 
through hydrogen-exchange pulse-labeling 
experiments (3)—or from the study of sta
ble analogs of folding intermediates (4). 
These studies have provided information of 
considerable value, but it is essential to link 
such information to that from direct obser
vations of the folding process (3, 4). It has 
recently been shown that NMR spectrosco
py can be applied in real time, after rapid 
mixing procedures, for such a purpose (5 -
7). However, to date, this approach has 
been limited to one-dimensional (ID) ex
periments and, hence, to low-resolution 
studies, because of the presumed limitations 
imposed by the relatively long accumulation 
times required for even the fastest 2D exper
iments (8). Two-dimensional procedures ex
ploiting exchange phenomena have, howev
er, been used to study fast chemical process
es (9), including protein folding (10), occur
ring under equilibrium conditions. We have 
extended such procedures to nonequilibrium 
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situations, demonstrating the power of mod
ern heteronuclear NMR methodology to fol
low the development of structure at the 
level of individual residues in a protein. 
Moreover, the approach will provide an op
portunity to • apply high-resolution NMR 
spectroscopy to investigate reactions of oth
er complex systems when rate processes are 
too rapid for conventional repetitive-accu
mulation procedures. 

Instead of collecting a series of spectra at 
different stages of a reaction, the idea is to 
allow the reaction to occur during the accu
mulation of a single 2D experiment. The 
NMR spectrum, if recorded in an appropri
ate manner, will then contain the kinetic 
history of the events that take place during 
the reaction. Consider a ^ - ^ N hetero
nuclear single quantum coherence (HSQC) 
experiment (11). A pulse delay (tx) is incre
mented during the course of the *H data 

accumulation to generate the indirect 15N 
time domain. This effectively involves the 
collection of a series of independent data 
sets as a function of time. If a reaction occurs 
during this process, the magnitude of the 
signal from each species will be different at 
each of the t1 increments, reflecting its ap
pearance or disappearance with time. The 
signals from the different species in the fre
quency domain (Fl) spectrum after double 
Fourier transformation will thus be convo
luted by their kinetic profile in the reaction. 

We used this approach to examine the 
folding of a-lactalbumin, a protein whose 
properties have contributed significantly to 
our understanding of a number of aspects of 
the folding process (12). Folding of the 
protein was initiated from a denatured state 
formed at pH 2.0 and 3°C. Under these 
conditions, the protein was in a molten 
globular state: The. far-ultraviolet (UV) cir
cular dichroism (CD) spectrum indicated 
extensive secondary structure, but the near-
UV CD and fluorescence spectra indicated 
a lack of persistent tertiary interactions 
(13). The !H-15N HSQC spectrum of this 
state (Fig. 1A) was poorly resolved, the 
majority of resonances being broad with 
little dispersion of the chemical shift; in
deed, only a few resonances are detectable 
as individual peaks. This situation arises 
from exchange effects associated with slow 
fluctuations within the disordered state 
(12). The spectrum of the same sample 
recorded 80 min after the pH was increased 
to 7.0 in a rapid mix experiment (Fig. 1C) 
was, however, well resolved and corre
sponds to the spectrum of the fully native 
state, indicating that the protein had refold
ed completely. 

A ^ - ^ N HSQC spectrum was initiated 
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Fig. 1.1H-15N HSQC spectra of bovine a-lactalbumin (BLA) at 3°C during different stages of the folding 
process: (A) HSQC of the denatured state at pH 2.0 (A state), (B) kinetic HSQC accumulated during 
folding, and (C) reference HSQC of the native state (N state). The spectra of the A and N states were 
recorded at equilibrium before and after the folding step (26). (Insets) Representative enlargements of 
the indicated region where the signal of Val92 resonates in the native state. The signal intensity in (B) is 
reduced compared to that in (C). As shown in the inset, additional components to the cross peaks are 
observed in the kinetic spectrum; these components have negative intensity. 
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immediately after tlie inix and accumulated 
for 31 min (Fig. 1B). Under these condi- 
tions, the refolding of the apo protein has a 
half-time of about 5 mln; refolding \\.as 
therefore complete \\.ithi11 the accumula- 
tion time of the experiment. Examination 
of this spectrum shows resonances from two 
distinct species. One of these corresponds to 
the Initial state, which under these condi- 
tions has been shown by stopped-flow CD, 
fluorescence spectroscopy, and 1D 'H Nh.lR 
to correspond closely to the lo\\.-pH dena- 
tured state from which refolding was initi- 
ated (6 ,  14). Several broad resonances cor- 
respoliding to this state are visible in the 2D 
spectrum, but the majority of the peaks 
have chemical shifts identical to those In 
the fully folded state. The intensities of 
these peaks are, however, less than those in 
the spectrum of the fully refolded protein, 
and the line shapes of the individual cross 
peaks show negative components in the liN 
dimension (Fig. 2). Both of these observa- 
tions turn out to be key factors in the 
kinetic analysis. 
A series of siln~llations \\.as carrled out 

for two siinple kinetic schemes (Fig. 3). 
Both tlie intensities and line shapes of the 
resonances of different species in n reaction 
are strongly dependent on the reaction pro- 
file and reflect the explicit time course of 
the reaction. In a slmple two-component 
system (A+B) (Fig. 3, left), the disappear- 
ance ~v i th  time of species A,  present at the 
beginning of the accui~iulation, will result 
In the faster decay of its inagnetization in t ,  
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B Kinetic r :' 
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Fig. 2. Cross sections from (A) the reference 
HSQC of the native state and (B) the kinetic HSQC 
recorded durng refoldng at a ' H  chemcal shift of 
7.6 ppm. (A) Sectionsfrom the ' H - ' j N  HSQC data 
set for the native-state contour plots in Fig. 1C. 
The time-domaln spectrum (left) shows the mag- 
netlzation as a functlon of the 96 t, Increment 
steps Each Increment requred 19.1 s to collect, 
resulting In a total accumulation trne of 31 mln. 
Tlie corresponding frequency-domain spectrum 
(right) shows the different ' W  resonances corre- 
lated with ' H  resonances at this frequency. (B) 
Equivalent sectonsfrom the knetc ' H - j S N  HSQC 
data set accumulated after the initlatlon of foldlng. 
shown as a contour plot in Fig. 1 B. 

than u-ould be the case for a lionreacting 
system, resulting in line broadening of its 
associated resonances after Fourier transfor- 
mation. By contrast, the magnetization of 
the product species B will develop only 
during the course of tlie reaction, resultilig 
in a gradual increase of its magnetization in 
t l ;  this glves rise to narrower lilies and 
negative coinponents in the \vlngs of the 
resulting peaks. For a reaction generating a 
transient suecies (A+ B+C), more coin- 
plex effects \\.ill occur (Fig. 3, right), and 
the intensity and line shape of the reso- 
nance of svecies B \\.ill reflect the hlstorv of 
the appea;.ance and disappearance of ;he 
reaction intermediate 115). , , 

These s~mm~latioiis provide a basis for 
intervretation of the data in Fle. 1B. The 

L 

low intensity in the spectrum of the reso- 
nances of the initial denatured state can be 
attributed to the broadening associated 
with the disappearance of this state during 
the folding reaction, \\.hereas the coinplex 
line shapes of the native state result from its 
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Fig. 3. Simulated HSQC line shapes for simple 
klnetic schemes. Left panel: n e  shapes resulting 
from a one-sded transton A -. B for varlous rate 
constants k, In the lndrect t, dmenson of a 2D 
data set (27). The intensity of the resonance of 
spin A at frequency v, IS addtonally modulated in 
the t, dimension by exp(-tk,). and that of spn B 
at v, is modulated by [I - expi-tk,)], where t is 
the trne after lnltiaton of the reacton, assuming 
that at the begnning of the reactlon only A is 
present Rlght panel: An analogous lhne shape 
analyss for a transition nvovlng an Intermediate 
state B, emerging from state A wth rate constant 
k, and evolvng to state C with rate constant k, In 
these s~mulat~ons. k, IS varied while k, is kept 
flxed The frequences of the n e s  are 250. 500, 
and 750 Hz, respective\/, and the natural llnewdth 
of each IS 1 1 Hz 

gradual appearance during the spectral ac- 
cumm~lation. The lack of additional peaks 
indicates that there is no slgiiificaiit popu- 
lation of a well-deflned lntermedlate state. 
The line shapes of tlie well-resolved reso- 
nances provide us with an opportunity to 
monitor the kinetics of the develonment of 
tlie native character at the level of individ- 
ual residues in the main chain of the Dro- 
tein. T o  achieve this monitoring, we simu- 
lated cross sectlolls such as those in Fir. 2 

u 

using a model of the protein folding process 
in which the native structure at each site in 
the protein is assulned to develop by siinple 
exponentla1 kinetics (16). It was possible to 
fit experimental data \\.ell L I ~ I I I ~  SLIC~I  a pro- 
cedure (Fig. 4 and Table 1 ) .  

The time constants for the formation of 
tlie natlr7e state measured by fluorescence 
and I D  NhlR have been shonii to be  den- 
tical (6 ) .  These methods detect close pack- 
ing of side c h a m  in the native structure. 
The  2D experiment, by contrast, enables us 
to inonitor the formation of native-like 
structure in the polypeptide maln chain. 
Tlie mean time constant for the arnides 
given in Table 1 is 400 -+ 110 s, which is 
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Fig. 4. (A) Expermental and (B) smulated cross 
sections of Leu'" centered at the ' H  chemcal 
shft (6) Indicated by the dotted line In the reference 
(native) (left) and kinetc (right) HSQC spectra (top). 
A simulated FID was generated for each signal 
usng the Iinewdth, chemlcal shlft, and amplitude 
of the experimental cross section of the reference 
slgnal (A, left). After Fourier transformation ths re- 
sulted In a simulated cross sectlon for the natlve 
state (B, left) This FID was then multlplled by a 
serles of single exponentla functions to slmulate 
kinetc cross sections corresponding to dfferent 
tlme constants for the folding reaction. The best fit 
(B. right), corresponding to a tlme constant .; (the 
Inverse of the rate constant k) of 11 0 s ,  was deter- 
mned by mnimizing the difference from the exper- 
mental cross secton (A, right) 
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consistent \vitliln experimental error ~ ~ l t l i  
the value of 470 -t 15 s found for aromatic 
slde chains fro111 fluorescence ineasurements 
under slniilar experimental cond~t ions  (1 7). 
;\?oreover, the tune constaiits f a  the ~ n d l -  
vidual secondary structure elelllents are all 
n - ~ t l i ~ n  one standard devlatlon of the mean, 
ni~tll  the exception of that for the P-sheet 
region between residues 40 and 50. This 
reeioli nlav achieve a native-l~ke structure - 
in ~ t s  Innill chain before other reglons, but 
the slllall number of ~ r o h e s  and their low 
s~gnal-to-noise ratlos suggest that sncll a 
c o l l c l ~ ~ s i o ~ i  1s uremature. Tlie data lndlcate 
that,  despite the  early existence of a nat1r.e- 
like far-UL. C D  (13) spectrum and a degree 
of hydrogen exchange protection ( 14). the 
native-like environmeiit of tlie main cliain 
in at least the iliajority of the  proteiii struc- 
ture emerges cooperatively and 111 colicerr 
\vitli that of tlie side cliains. T h e  alxence of 
resolved resoilalices co r re~~~onc l ing  to a 
\yell-defined intermediate In the snectrum 
indicates that before this final step in fold- 
 in^, the ma in -cha~n  env~ronment  re~llailis 
lieterogeneous. It is particularly Interesting 

in this regard that extensi\.e lliie 1:roaden- 
iiig has heen reported for species formeci in 
the early stages of the lanetic u i i f i~ld~ng of 
rihonuclease A ( 18) ancl dihydrohlate re- 
ductase (/') anit has l x e n  attr113uteit to d ~ -  
llamlc processes resulting from the  loss of 
tlie tight packing cliaracterlstlc ot the  f ~ l l l ~  
native state. 
A \vide variety of multidimens~onal 

KklR exyeriments, in addition to the 'H- 
"N HSQC experiment ~lseii here, are 17ased 
on the same principle of illcrelneiited delays 
(19);  tllese methods could potentially pro- 
~ l d e  additlollal inforlilatioii al~cjut the  
e\.ents occurring during the folciing reac- 
tion. T h e  general approach requires aloii 
folding of the protein system under study: 
rates faster than -L?.L?j s P i  \\.ill l i ~ t  give 
detectable effects tor a qua1it1tat1r.e analysis. 
but ~mproved pulse sequences can he ex- 
r~lored to reduce this liniit substantiallv. 
Here, removal of a structural nletal ioli \vas 

Table 1. Time constants o f  refolding for different 
elements of secondar)! structure i i  BLA .  T h e  av- 
erage t ~ m e  constants and the  standard deviations 
are calculated over the nu inber  o f  residues s tud-  
ied in this wo rk .  

Structure 
element 

- 

A - B  LOOP 
B - H e l ~ x  
p-Sheet  
a - C  Loop 
C-He l~x  
C - D  LOOP 
C-Ter in~na l  loop 

Ti ine No, of 
constat i t  (sr residues 

400 2 
a05 i I 74 4 
300 ? 71 3 
475 ? 115 4 
386 I 103 7 
400 1 
431 i 41 a 

useJ to  achieve refolding rates appr(qm;Ite 
for detection. Othe r  strategies llicl~lcle the  
generatlo11 of s lo~v-fold~ng lnutaiits (2C) 
and the  addition of denaturaiits to tlle 
refold~ng lliecli~llu (21 ) .  O n e  of tlle partlc- 
~11ai-ly iluportailt features of the  prescnt 
approach is tliat ~t allcnvs specific kliietic 
sclielues to be tested, and potentially dis- 
t ~ n g u ~ r l i e d ,  hy exp l~c i t  slmulat~c)n. ;\'lore- 
over, n .~t l i  a knowledge of the  spectra of 
tlie different components,  the  kinetic pro- 
files c,in In ~ r i n c i u l e  he determilled clirect- 
lY by ileconvolution ot the  kliietic spec- 
trum In terms of these c o m ~ ~ o n e n t s .  Tlus  
techniq~ie  therefore proviiles a po~verf~i l  
me,lns of klnetlc analysis for a tolcling 
reactiiri. or indeeJ for c1iem1c;ll reactLon; 
in general. 
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spectra 9 0 "  (F2) ancl GO'  IF^) sti~ftecl squared sine- 
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hIMR spectra $:!ere recorclecl $:!~th a tiorme-but NMR 
spectrorreter operating at 833.2 MHz an3 ',e:ere pro- 
cessecl ~vi th ttie Lrse of FELIX (Eiosym Technooges. 
San Ciego, CAI. 

27. G. Eodenhausen ancl R. R. El-nst J. An?. Z i ie i~ l .  Scc. 
104. 1304 11982:. 

28. L";e thank S. L \!i nder ancl F J. Hor-e for help in 
developing ttie .apicl m~xing de\~ice. J.E . \J.F, ancl 
N A.J \J N. ',fi:ere suppoled by ttie l iarran Cap~tal 
and Ivlobiity Frogranime o' the European Cornm~r- 
nit$. K.E. 1s SI-,ppor,ed by a grant 'rorr hllli Ti-e 
Oxforcl Centre for Molecular Scences 1s sup~o3ecl 
by t i e  Engneer ncJ and Phgsca Sclences Research 
Counc . Botechnoogy and Eoogica Sc~ences Re- 
search COI-,nc. ancl Metical Research Counc~l (CIK). 
C.Iv1 D IS s~rppor,ed In par, by an nternat~onal Re- 
search Sctioars a';'/arci from the Ho!!ar3 HagLles 
Ivle31cal nstltute. 

17 June 199E: acceptecl 13 September 19% 

SCIENCE \'C?L. :;.t I5 S C ~ \ ' E X I R E I I  1996 


