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4. Acknowledgment 1767 Alzheimer’s, type Il diabetes, and CJD (a human version of
5. References 1767 mad cow disease) have been related to protein misfolding

and aggregation. In some cases, it was shown that partially
. unfolded intermediates are the precursors for the formation
1. Introduction of amyloid fibers? Therefore, studies of the process of protein
Protein folding is the last step of the central dogma of folding are important for understanding the mechanism of
molecular biology, which involves the transfer of genetic amyloid diseases. Second, the human genome project has
information from one-dimensional sequences of amino acids accumulated a huge number of protein sequences. To
to three-dimensional structures. In the 1960s, Anfinsen andunderstand the functional information encoded in these
co-workers demonstrated that proteins could fold spontane-sequences, however, the three-dimensional structures of
ously from the unfolded state to the native state. It was proteins need to be known. Thus, it is highly desirable to
hypothesized that the native state is the most stable confor-predict protein structures by a computational method.
mation among the astronomical number of possible confor- Because all computer programs for predicting high-resolution
mations available for a given polypeptide chain and that this structures eventually will have to rely on physically realistic
native structure is determined by the amino acid sequenceforce-field parameters, detailed physical studies on the factors
under the physiological environmengince then, studies of  that affect the stability and folding of proteins are essential.
the process of protein folding and prediction of protein  The central goal of current experimental studies of protein
structures from protein sequences have become the two majofolding is to characterize the process of protein folding and
topics in the field of protein folding. They have fascinated to find the rules that control it. To characterize the pathway
many researchers for more than three decades but remai®r the free-energy landscape of protein folding, which
unsolved. includes folding intermediates and transition states, two major
Two recent events have further spurred protein folding methods have been developed to obtain their structural in-
studies. First, a number of human diseases, including formation at the level of residues: amide hydrogen exchange
and protein engineering. Between the two methods, amide
T Telephone (301) 594-2375; fax (301) 402-3095; e-mail yawen@helix.nih.gov. hydrogen exchange plays a dominant role in detecting and
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characterizing the partially unfolded intermediates, whereas 2.2, Linderstram-Lang Model for Amide Hydrogen

protein engineering is more useful in obtaining structural Exchange in Folded Proteins

information of the transition state. For the past 15 years, . .

direct hydrogen exchange measurements have defined the ' folded proteins, many amide protons are protected from
structures of partially unfolded states under acidic conditions, €Xchange due to hydrogen bonding and burial in the native
which are not accessible to the usual crystallographic andStructure. The protection factor (P& kin/ke) provides
NMR methods. The hydrogen exchange pulse-labeling mformathn on the native structure and stability. HE{EIS.
method has specified the structure and stability of folding the experimentally measured exchange rate constant. Linder-
intermediates that exist for1 s during folding processes. St@m-Lang and his colleagues pictured a two-state situation
The native-state hydrogen exchange method has detected an@"d @ssumed that amide hydrogens can exchange with
characterized folding intermediates that exist as infinitesi- SOIVent hydrogens only when they are transiently exposed
mally populated high-energy states under native conditions. 0 _solvent in sogne kind of closed-to-open reaction, as
A number of excellent reviews have been published on Indicated in eq 2:

various aspects of these studie¥. The focus of this review K,

is on the recent results obtained from the pulse-labeling and NH(closed)—~ NH(open)im* exchanged; K,, = k,/k;
|

native-state hydrogen exchange methods and their implica- ket )
tions for understanding the mechanism of protein folding.
Here,ky is the kinetic opening-rate constant, akgdis the
2. Amide Hydrogen Exchange of Proteins kinetic closing rate constant. Under steady-state conditions,
the exchange ratd,, determined by the above scheme is
2.1|. Intrinsic Exchange Rates for Unfolded given by eq 3.
Polypeptides
yp p kex = kopkint/(kop + kcl + kint) (3)

Amide protons in polypeptides are chemically labile and
can exchange with hydrogen isotopes in solvent water suchThere are two extreme cases for this reaction scheme with
as stable structurekg, < ky). (i) The closing reaction is much

faster than the intrinsic exchange rate constaktsX kin),
>N—H+ D,0—>N-H+ DOH (1) termed the EX2 condition. In this case, the exchange rate of
any hydrogenk.y, is determined by its chemical exchange

Because of the extremeKp values of main-chain amides, rate in the open form multiplied by the equilibrium opening
the exchange of their hydrogens with solvent is relatively constantKop.

slow and is catalyzed only by the strongest of aqueous acids

and bases (hydronium and hydroxide ion). Thus, the ex- Kex = KopKint 4)
change rate is pH-dependent. Figure 1 illustrates the ex-

This leads to free energy for the dominant opening reaction,
as represented by the following equation:

AGy = —RTIn Ky, = —RTIn(k./k,) = —RTIn(1/PF)
_ ®)
"g In this equation,R is the gas constant and is the
< temperature. The free energy defined in eq AGux,
= 10? | represents a combination of opening transitions from both
structural unfolding and local fluctuations. (ii) The closing
reaction is much slower than the intrinsic exchange rate
10° constant K < kino), termed the EX1 condition. In this case,
. ] : . . the exchange ratde,, is equal to the opening-rate constant
1 2 3 4 5 6 " kop- FOr amide protons that can exchange only through global
D unfolding, thekyp, will be the global unfolding-rate constant.

P A more general pre-steady-state solution for reaction scheme
Figure 1. Intrinsic exchaonge rate _constant as_a function of pD 2 without any assumptions about the relative magnitudes of
(pD = pHeaq+ 0.4) at 20°C for amide protons in PDLA. Kop: ket andkiy Was also solved?®
change rate constants as a function of pD @PHead + .
0.4)* for amide protons in unstructured pob/L alanine. 2.3. Pulsed-Amide H/D Exchange Method
Here pHeaq is the reading value from a pH-meter. At pD Amide hydrogen exchange can be used to characterize the
7.0 and 20°C, the exchange rate constant of an amide proton structure and measure the stability of folding intermediates
in an unfolded peptidek, is affected mainly by the side in a pulsed-amide H/D exchange experiment as illustrated
chains of its two nearest amino acid residue neighbors. Bothin Figure 21%2°In a typical experiment, the protein is initially
inductive’? and steric blocking effectare apparent. These unfolded in DO in concentrated denaturant or at low pH.
effects have been characterized for all 20 amino acids usingAmide NH exchange to ND. Folding is initiated by a rapid
dipeptides as modelé.ki,: can now be predicted within a  dilution into a folding buffer in HO at the pH at which the
broad range of pH and temperatifr® (on-line at http:// folding experiment is normally performed, for example, at
www.fccc.edu/research/labs/roder/sphere/). For unfoldedpH 5.0-7.0 and 5-20 °C. Formation of early-folding
polypeptides, the predictdg is likely to be within a factor intermediates under these conditions is commonly faster than
of 2 of the measure#,,.**1® the average exchange rate constants. After some folding time
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Figure 3. lllustration of the results for an early-folding intermediate
populated in the sub-millisecond time scale from a pulse-labeling
quench experiment. The parameters used are 10 ms,t, = 50 ms, and
at low pH kint = 100 ms at pH 6.0. It is assumed that the conversion from the

intermediate to the native state is much longer thaat the pH of
pulse. TheX-axis is the pH of pulse. The solid line represents an
Figure 2. lllustration of the pulse-labeling procedure for detecting amide proton that is unfolded. The short- and long-dashed lines
early-folding intermediates. Red and black balls represent D and represent the amide protons that have protection factors of 10 and
H, respectivelyt; is the time for foldingt, is the time for the high- 100, respectively.
pH pulse. The cylinders represent helical structures.

) . ) ) o ) rate constantk, is close to the intrinsic exchange rate
tr, a brief H-labeling pulsety, is applied by mixing with & constantky, it is very useful to test whether a stable sub-

high-pH buffer, for example, at pH 10 and 2€. The  millisecond intermediate exists because of its simplicity. The
exchange time will be-0.3 ms under such conditions. Amide  proton occupancyHoc) as a function ofk, ki, andt; is

deuterons that are not protected in the intermediates will described by eq 7.

exchange to NH, but those in already-formed structures are

protected and remain as ND. In practice, multiple time points H_ .= [PF x k/(PF x ki, + k)] x

may be taken for eithef or t,. i may be in the range from [1 — exp—k x t)] (7)
milliseconds to several secondsmay be in the range from f

5 to 100 ms. A third mix into low pH terminates labeling. .
Within seconds the protein folds into its native state, which 24 Native-State Hydrogen Exchange Method

freezes the HD labeling profile imposed before. The protein Hydrogen exchange pulse labeling is a kinetic method for
samples are concentrated. A 2D NMR spectrum or masscharacterizing folding intermediates. A native-state hydrogen
spectrometry can be takéth?! In the NMR experiments,  exchange method was also developed to detect the equilib-
specific amide protons can be studied. Mass spectrometry,rium intermediates based on the exchange behavior of amide
however, has the advantage of being able to identify the protons at low concentration of denaturants. Depending on
folding process involving parallel folding pathwa§/sA the free-energy landscape of folding, amide protons can

resolution at the level of peptide fragments can also be exchange through different processes. Figure 4 illustrates the
obtained by mass spectrometry when it is coupled with

proteolysis’? Another advantage of mass spectrometry is that

it can be used to study large proteins20 kDa)?® U ?@ D,0 ?%é%
For a simple case in which the folding intermediate forms

in sub-millisecond time scale and folds to the native state in Kint

the time scale of seconds, the fraction of the proton labeled W K

from the start of folding (milliseconds) to its completion It Kni
(seconds). The folding kinetics of the protein therefore can
be monitored at multiple places of the structure. Because

I
kint is different for different amide protons at a given pH, D,O
the Hianel is also different for different amide protons for a N %
given pulse lengthy,. TheHaealone is not always sufficient loc
to determine which amide proton is protected in the
intermediate. This problem is normally solved by changing for a protein with a partially unfolded intermediate: local fluctuation

the pH for the pulse while fixinds andt, to measure the  rocess (hottom); partial unfolding process (middle); and global
protection factor (PF) for each amide protdri® Figure 3 unfolding (up).

illustrates the plot from such an experiment.

A simplified version of the pulse-labeling method is the three processes of exchange that occur for a three-state
hydrogen exchangecompetition method® in which the system. Amide protons that are not strongly protected or
high-pH pulse is omitted. Folding and exchange occur deeply buried in the native protein can exchange through
concurrently. Although it is limited to cases when the folding local structural fluctuations by breaking one or two hydrogen

in a pulse-labeling experiment is described in eq 6:

Hiaper = [1 — eXpPF X ki x tp)] x [1 — expl; x t)] Free D,0
(6) Energy Kint

Hianel C2N be measured at a series of different folding times

Figure 4. lllustration of three processes of hydrogen exchange
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bonds without significantly exposing solvent-accessible a folding intermediate. On the basis of the exchange pattern,

surface are&2°If the protein has a partially unfolded state one can deduce the structure, stability, and exposed surface
that is more stable than the unfolded state, then the amidearea of the intermediates from a native-state hydrogen

protons in the unfolded region of the intermediate can exchange experimeft.

exchange in such partially unfolded states. All amide protons

can also exchange from the fully unfolded states. The 2.5. Experimental Results

measured exchange rate constant is the sum of the exchange g ...\ pulsed- and native-state hydrogen exchange

rate constants of all three processes, weighted by the . . .
unfolding equilibrium constantg of the intermegiate an():i/the experiments ha\_/e been applled to a number of proteins, and
unfolded state: some of the earlier experiments have been reexamined. They
will be summarized here. For the proteins that both methods
have been applied to, the relationship between the kinetic
Kex = Koe T Ky > Kine - Kiyy x Ky (8) and equilibriurr)rﬁ)results will be discusse%l. It is very important
to realize that the pulse-labeling and native-state hydrogen
That is, the exchange terms from the intermediate and theexchange methods detect partially unfolded intermediates in
unfolded state are controlled by the unfolding equilibrium  very different ways. In pulse-labeling experiments, only the
constants. Herekio. represents the exchange process from intermediates that exist before the rate-limiting step and are
the native structureKy and Kyu are the equilibrium  more stable than the unfolded state can be detected.
unfolding constants. In a native-state hydrogen exchange|ntermediates that exist after the rate-limiting step are not
experiment, the hydrogen exchange rates are measured aibservable (see Figure 6). In addition, the pulse-labeling
different concentrations of denaturant. The denaturant is used
to perturb the equilibrium constants and help reveal the

different exchange behaviors for amide protons in different @) (B)
regions of the protein. WheftGyx values of different amide
protons are plotted against the concentration of denaturant
concentrations, different structural segments that unfold
cooperatively as structural units will converge together to U U
differentAGpx values before joining the globalGyy. Figure {
5 illustrates the hydrogen exchange pattern for a protein with I
N N

| ©) .
int
” K ¢ Urais—
as
81 {kiso

AGax Nivans
............................... - \. I, — U
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Figure 6. lllustration of kinetically detectable and undetectable
4 - folding intermediates. U, |, and N represent the unfolded state, the
lT Kxi partially unfolded intermediate, and the native state, respectively.
(A) The intermediate exists before the rate-limiting step. It
accumulates during folding and is detectable in kinetic folding
experiments. (B) The intermediate exists after the rate-limiting step
i — A and does not accumulate during kinetic folding. Therefore, it is
0.0 0.5 1.0 not detectable in the pulse-labeling experiment. Both intermediates
[GAmCI] (M) are detectable by the native-state hydrogen exchange under EX2
conditions (see detailed discussion in Bai and Englafdg(C)
Figure 5. lllustration of native-state hydrogen exchange results: An intermediate involving proline isomerization may not be
AGux values of amide proton versus [GdmCI] for a protein with detectable by native-state hydrogen exchange welis faster
one partially unfolded intermediate. Amide proton 2 dominantly than kis,. This is because beforeykis becomes s, the amide
exchanges in the partially unfolded intermediate. Amide proton 4 protons in Wanshave already occurred. Howevegs tan be easily
can exchange only through global unfolding. Because the abovedetectable in the conventional kinetic folding experiment where
exchange processes involve the exposure of large solvent surfacdJ.s already exists in the unfolded state.
areas, theAGux values for these amide protons are sensitive to

denaturant concentrations. The slopes of A& values versus oy neriment requires that early-folding intermediates be more

denaturant concentration are proportional to the change of solvent- : .
accessible surface area of the partial unfolding (proton 2) and global StaPI€ than the unfolded state at high pH during the pulse

unfolding (proton 4). Amide protons 1 and 3 can exchange period. In other Word_s, it is possible that ea_rly-folding
dominantly through local structure fluctuations at low concentration intermediates may exist at low pH but not at high pH. In
of denaturant without exposing significant solvent accessible surfacesuch cases, folding intermediates at low pH may not be
area. Therefore, theikGyx values are independent of denaturant detected in pulse-labeling experiments. For the native-state
concentration until the exchange process is taken over by the partlalhydrogen exchange method, both early and late partially
(for proton 1) and global (for proton 3) unfolding, as represented .o\ jeq intermediates in principle can be detected as long

by the AGhx values of protons 2 and 4. The interceptsAdB,x
values for protons 2 and 4 represent the unfolding free energies of2S they are more stable than the unfolded state. However,

the partially unfolded and the fully unfolded states at zero the experiment needs to be done under EX2 conditions. In
denaturant® addition, the method does not detect the folding intermediates
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accumulated before the rate-limiting step, due to slow-cis Cyt ¢ (104 Amino Acids)Vhen the pulse-labeling experi-
trans proline isomerizatiotf,whereas such intermediates may ment was performed for cyt at pH 4.9, which avoids the

be dominantly detected in the pulse-labeling experiments. misligation between a His residue and heme, no intermediates
Therefore, it is critical to know whether the kinetic folding were detectabl&:®*Because native-state hydrogen exchange
intermediates identified in the pulse-labeling experiment are has identified several partially unfolded state® it was
caused by proline isomerization. Another unappreciated postulated that all of the intermediates exist after the rate-
problem is that transient intermolecular aggregations could limiting transition step at pH 4.%:4°The unfolding kinetics
cause amide proton protections in the pulse-labeling experi-of these intermediates have been characterized by a kinetic
ment. They can be mistakenly interpreted as a population of native-state hydrogen exchange experiment and suggest that
early-folding intermediates. Available examples are classified cyt ¢ folds and unfolds sequentially through these intermedi-
into five groups. ates*' A hydrogen exchangecompetition experiment on cyt

Group |. Partially unfolded intermediates with similar € in the presence of 0.4 M N&G, showed some protection
structures were observed in both pulsed- and native-state0f amide protons (protection factor of-8) at the sub-
hydrogen exchange experiments. These examples includeNillisecond time scale for essentially all amide protons that
cytochromec (cyt c) and ribonuclease H (RNase H). could be studied? However, no protection was found in the

Cyt ¢ (104 Amino AcidsiCyt ¢ structure consists of three absence of 0.4 M N&Q.. ) ) ]
helices, severab-loops, and a heme that is covalently linked ~ Rd-apocyt k2 (106 Amino Acids)Cytochromebse: is a
to the N-terminal helix. It is one of the two proteins that four-helix bundle protein with a heme ligand. A native-state
were first studied using a pulsed-amide H/D exchange andhydrogen exchange experiment identified two partially
two-dimensional NMR? The initial pulse-labeling experi-  unfolded intermediates in apocytochrobig,* in which the
ment was done at pH 6 and $Q. A quick drop of 20% in non-covalently bound heme has been removed. The apo-
Hiapel OCcurred for all amide protons that can be studied, Protein was redesigned to include a Trp residue for kinetic
suggesting that a fraction of the molecules fold to the native folding studies'* The redesigned apo-protein, Rd-apduy,
state through a fast-folding pathway. In a slow-folding Was also studied using the native-state hydrogen exchange
pathway, amide protons in the N- and C-terminal helices experiment. It also identified two partially unfolded inter-
are protected with a time constant 820 ms, involving med|ates‘._5 In_the k|net_|c folding experiment, however_, no
~40% of the molecules, suggesting population of an €arly-folding intermediates were fouritiagain suggesting
intermediate with the formation of the N- and C-terminal that the equilibrium intermediates exist after the rate-limiting
helices. Then there is a slower phase with a time constantstep. One of the partially unfolded intermediates was
of ~3 s. The stability of the intermediate has been measuredPopulated using a protein engineering metffolds structure
by changing the pH of the pul8&Recent studies found that ~Was solved using multidimensional NMR (see later discus-
the ~3 s phase is due to intermolecular aggregatiie sion).
native-state hydrogen exchange was performed at pD 7 and Barnase (110 Amino Acids)lhe structure of barnase
30 °C. Four equilibrium intermediates were identifi&d? consists of foup-stands and two shoet-helices. The initial
One of the equilibrium intermediates has the N- and pulse-labeling experiment of barnase showed complex fold-
C-terminal helices folded. Population of the kinetic inter- ing kinetics?"*¢ Some amide protons were protected much
mediate has been attributed to a misligation between hemeearlier than others. The kinetic tracesH,e as a function
and the side chain of a non-native His liga®d* of folding time for several amide protons were multiexpo-

RNase H (155 Amino AcidsRNase H is one of the best- hential. It was concluded that there is at least one early-
studied |arge proteins>(120 amino aids)_ The structure of fOldlng intermediate that is-3 kca|/m0|- mO-re Stable than
RNase H consists of several-helices (A—D) and four the fU”y Unf(.)lded Statg. Recent S.tudles indicate that the
S-stands (+4). Its folding pathway has been characterized complex folding behavior is due to intermolecular aggrega-
by all available methods. The pu|se_|abe|ing experiments tlon.4?'50’\_l0 Stable early intermediates could be identified in
suggest that a partially unfolded intermediate forms in the the kinetic folding for barnasé:>
sub-millisecond time scale before the rate-limiting transition ~ The initial native-state hydrogen exchange experiment
state®® The intermediate involves the formation of helices failed to identify any partially unfolded intermediate because
A and D and strand 4. There are no probes for helix B. Other it was done under near-EX1 conditioffsA recent native-
amide protons are protected in the time scale-@&fs. The state hydrogen exchange experiment has indicated that an
native-state hydrogen exchange suggests that there are twintermediate with am-loop unfolded could exist. This was
partially unfolded intermediate®8 The first intermediate also ~ further confirmed using a protein engineering metftod.
involves the formation of helices A and D. The second Because the intermediate was not detected in the kinetic
intermediate has the helices A, B, and D and strand 4 folded.folding experiment, it is also postulated that the intermediate
Thus, both the first and second intermediates that were exists after the rate-limiting step. An early-folding intermedi-
observed in the native-state hydrogen exchange experimenate with formation of the two short-helices has been
have formed in the kinetic intermediate detected in the pulse-suggested on the basis of the earlier studies of the acid
labeling experiment. The structure of the kinetic intermediate denatured state and computer simulation stuttiest there
also resembles those intermediates characterized under acidits no protection for the amide protons in théhsuggesting

condition$” and by a protein engineering stugfy. the proposed intermediate, if it exists at all, is less stable
Group II. Partially unfolded intermediates were identified than the fully unfolded state.
in the native-state hydrogen exchange experiment, but they Group Ill. No intermediates with native proline confor-

were not detected in the pulse-labeling experiments. This mation were identified in either the pulsed- or native-state
group includes cytt, Rd-apocytochroméoss, (Rd-apocyt hydrogen exchange experiments. These proteins include
bsez), and barnase. It was suggested that the intermediategibonuclease A (RNase A), protein A B-domain, protein G
exist after the rate-limiting transition state. Bl-domain, CD2.D1, protein L B-domain, ubiquitin, and
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chymotrypsin inhibitor 2 (CI2). found no stable intermediatéln the absence of 0.4 M Na
RNase A (124 Amino Acidd¥Nase A consists of several SO, the logarithm of the folding rate is a linear function of
p-strands and am-helix. It also includes four disulfide  denaturant concentration, suggesting the absence of stable
bonds. RNase A is the other protein that was first studied intermediates before the rate-limiting transition state.
using the H/D exchange pulse-labeling method and 2D- Group IV. Only a pulse-labeling or native-state hydrogen
NMR.?° The folding kinetics of the initial pulse-labeling exchange experiment has been performed. These proteins
experiment was complex. Two intermediates were found in are hen egg white lysozyme, apomyoglobin, LysN, bovine
the pulse-labeling experimer®?* These intermediates, S-lactoglobulin, interlukin-B, OspA, triosephosphate iso-
however, are associated with proline isomerization. No merase, ribonuclease T1, thioredoxin, barstar, and an SH3
kinetic folding intermediates were detectable in the absencedomain variant.
of proline isomerization when a double-jump experiment  Hen Egg White Lysozyme (HEWL; 129 Amino Acids).
coupled with pulse-labeling was perforniednd analyzed  HEWL has two domains. One domain contaimshelical
properly®¢ The native-state hydrogen exchange of RNase A structures ¢-domain), and the other has the structure of
also showed the absence of detectable folding intermedi- 3-strands §-domain). Pulse-labeling experiments revealed
ates?®5"58Because native-state hydrogen exchange can detecparallel folding pathways as detected by both NMR and mass
the folding pathway only in the absence of proline isomer- spectrometry>’? A small fraction -20%) folds quickly to
ization? the pulse-labeling result is consistent with that of the native stat& The other fraction £80%) involves the
the native state hydrogen exchange; that is, no intermediateformation of then-domain as an early folding intermediate.
is detectable on the fast folding pathway in the absence of  Apomyoglobin (AMb; 158 Amino AcidspMb is an

proline isomerization. o _ a-helical protein. It has sixi-helices. The pulse-labeling
Ubiquitin (76 Amino Acids)Ubiquitin’s structure consists  experiment revealed a stepwise folding process. A, G, and
of four g-strands packed with a-helix. In the initial pulse-  H helices fold in a sub-millisecond time scale. Subsequent

labeling experiment, the majority of the amide protons were folding includes the formation of helix B and the rest of the
protect(_ad against Iabellmg in a major kinetic ph_ase on the protein and occurs on the time scale of secofidshe

10 ms time scalé? A region of irregular structure, including  structures of the two kinetic intermediates are similar to those
Tyr-59, lle-61, and Leu-69, is protected later. There is also populated at pH 4.8 The equilibrium intermediate at pH

a minor slow protection phase for all amide protons, which 4.1 has been extensively characterized using multidimen-
is attributed to the cistrans isomerization of prolines. An  sional NMR?2

earlier stopped-flow study of kinetic folding suggested that | ysN (146 Amino Acids)The structure of LysN has an
_there might be a stable sub-millisecond folding mtt_armedlate OB-fold motif composed of a structurally conserved five-
in the presence of 0.4 M N8O,.°? More recent experimental  strandedg-barrel capped by a poorly conservedhelix
study and a reanalysis of the earlier experimental results, hetween strandg3 andp4. Two additionake-helices flank
however, have suggested that no early folding intermediatesthe N terminus of the OB-fold. No kinetic folding studies

exist?es . have been performed on this protein. The results of native-
ClI2 (64 Amino Acids)The structure of CI2 has several state hydrogen exchange indicate that the N-terminaé-
p-strands packed with aa-helix. Kinetic folding studies  Jices in LysN are able to unfold independeftlgnd lead to

indicate that CI2 folds in an apparently two-state ma®fi&r.  an intermediate that is-3 kcal/mol more stable than the
Results from native-state hydrogen exchange studies 6 CI2 unfolded state. In contrast to the findings of cygnd RNase
also led to the conclusion that no partially unfolded H, however, the unfolding of the twa-helices appears to
intermediates were detectable, but the patteth@fx versus be less cooperative, as indicated by the broadneasSpfk
[GdmCI] appears to be somewhat complex. The reason coulddistribution at high denaturant concentrations.
be, in part, that incorrect intrinsic exchange rates might have  |nterleukin-18 (153 Amino Acids) (1L2H)This is a-sheet
been used in calculating th®Gux values. protein with eight prolines. The pulse-labeling experiment
Protein A B-Domain (58 Amino AcidsProtein A B- on this protein has been performed and monitored by both
domain is a three-helix bundle protein. Kinetic folding NMR at pH 5 and 4°C8 and mass spectrometry at pH 5
experiments indicate that this protein folds in an apparent and 25°C .8 In the experiment monitored by NMR, formation
two-state mannét. @ No partially unfolded intermediates  of two intermediates was suggested to occur on the time scale
were identifiable by the native-state hydrogen exchange andfrom 0.7 to 1.5 s and from 15 to 25 s, respectively. In the
protein engineering studié$. recent pulse-labeling experiment by mass spectrometry, only
Protein G B1 Domain (56 Amino Acidsjhe structure of ~ one intermediate was observed. It formed witki®.1 s. The
protein G B1 domain has foy$-strands packed with an  conversion from the intermediate to the native state takes
o-helix. Earlier H/D exchange-folding competitiBnand ~40 s. No native-state hydrogen exchange experiment has
stopped-flow? experiments suggested the existence of an been performed on this protein.
early-folding intermediate. Later studies and a reanalysis of  OspA (274 Amino AcidsPspA is a predominantlg-sheet
the earlier data have led to the conclusion that early-folding protein containing a unique single-lay®sheet. Native-state
intermediates do not exist. hydrogen exchange has identified five unfolding uffts,
Protein L (62 Amino Acids)Protein L has a structure leading to four partially unfolded intermediates. A kinetic
similar to the protein G B1 domain. No intermediates were folding experiment using stopped-flow has not been per-
identified in both kinetic folding and native-state hydrogen formed.

exchange experimentd’ Triosephosphate Isomeras€his is a very large f/o)s
CD2.D1 (98 ResiduesD2.D1 is gB-sheet protein. The  barrel protein. The equilibrium intermediates have been
pulse-labeling experiment in the presence of 0.4 M@ studied using the misincorporation protealkyl exchange

showed protection factors of6 for 37 of the 41 NHs (MPAX).8” The principle of this method is the same as the
measured® Native-state hydrogen exchange measurementsnative-state hydrogen exchange except it monitors the
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reaction behavior of the side chains of Cys residues. A the suggestion that the partially unfolded intermediate seen
misincorporated cysteine residue buried in the protein in the native-state hydrogen exchange experiment is not on
structure is protected from solvent and is unreactive in the the kinetic folding pathway; rather, it is a kinetically isolated
native state. When exposed to solvent by local fluctuations, intermediate as in U= lyjneic < N < Iyux. Here, kinetic
partial unfolding, or global unfolding, the cysteine sulfhydryl represents the kinetic folding intermediate observed in the
can react with an alkylating reagent to generate an irrevers-pulse-labeling experiment andyk is the intermediate
ibly modified species. Thus, as in native-state hydrogen detected by the native-state hydrogen exchange. However,
exchange, the partially unfolded intermediates could be protein engineering studies indicate that only the mutations
identified by monitoring the exchange rates of sulfhydryl inthe C-terminal domain affect the folding réfesuggesting
reaction as a function of denaturant concentration. Two that the formation of the C-terminal domain is the rate-
partially unfolded forms have been identified. limiting step. Further experiments are needed to clarify the
Ribonuclease T(RNase T: 104 Amino Acids)RNase T contradictory results.
is a homologue of barnase. It has two disulfide bonds. The Staphylococcal Nuclease (SNase A; 149 Amino Acids).
folding kinetics in the pulse-labeling experiment was as SNase A is aro/f protein. It has six proline residues. A
complex as that of the initial pulse-labeling experiment on pulse-labeling experiment was performed with the P117G
barnasé® The time course for deuterium protection is Mmutant?® The amide proton occupancy of 39 amides was
biphasic, with 66-80% of the protein molecules showing determined from 5 ms to 10 s, and three kinetic phases were
rapid hydrogen bond formation. The other-40% of the identified. The protection of amide protons observed within
molecules are protected in a slow phase with a rate constanthe 5-ms dead time is consistent with the formation of a
that has a lower limit of 0.01°4. It is also known that RNase ~ folding intermediate containing thg-sheet but not the
T1 populates an intermediate due to proline isomerizéfion. a-helices. However, more intermediates need to be invoked
Thioredoxin (TRX; 108 Amino AcidsJRX is a-sheet  t0 explain the slow-folding phases. Native-state hydrogen
protein. Pulse-labeling experiments have not been performed €xchange was also performed for this protein. No partially
No partially unfolded intermediates were identified in the Unfolded intermediates were identifi€tisuggesting that the
native-state hydrogen exchange experiméhts. kinetic intermediates seen in the pulse-labeling experiments

Barstar (89 Amino Acids)Barstar is am/f protein. One might all be related to proline isomerization like those seen

: : L ; in the folding RNase A.
proline (Pro48) has a cis conformation in the native state. '™ € . . . .
The kinetic folding of barstar is heterogeneous, involving Bavine f-Lactoglobulin (162 Amino Acidsovine f-Lac-

intermediates due to proline isomerizat®nNative-state  toglobulin is a predominantlg-sheet protein. The protein

; : ight prolines and two disulfide bonds. One of the
hydrogen exchange experiments suggest the existence of twd}2S €19
partially unfolded intermediaté®.In addition, two partially ~ disulfide bonds (106119) holds the two centrdi-strands.

: ; t neutral pH, it forms a dimer. The native-state hydrogen
unfolded intermediates have been suggested to populatéA .
during kinetic unfolding of barstar by optical prob@s. exchange experiment at pH 2.1 and €7 showed that the
SH3 Variant (65 Amino Acids)he folding behavior of ~ Protn ?.SSGPt'al.ly betht?]vesdas a ?It}r;gl? un(ljt W|tk;]_scr)]me non-
. . ; L cooperative fraying at the edge of thestrands, which was
g}%ﬁ?g%‘ig%ig Qggjzlr?cgg 2#3332?.@?%;??esrt]'égt'?on attributed to the dissociation of diméef8.A pulse-labeling
i 01
form a stablefshairpin was studied® A knetic foding £ RS RRCO IE TR N RS SC e
géﬁg{gﬂﬂs Scu?il/vee d Tﬁe neati\?girtlat(ran r?y dro%ez e'?(?:hzinzeinitiation of folding. It has not been determined whether these

suggests that a partially unfolding intermediate with the mter_medlates are ass_oua_ted Wlth_ proline isomerization.
; - X . Again, the kinetic folding intermediates could be due to
substituteds-hairpin folded. No pulse-labeling experiment f ;
. s . .___proline isomerizaton.
was performed. It is not clear whether this intermediate exists
before or after the rate-limiting step.

Group V. Kinetic folding intermediates observed in the
pulse-labeling experiment were not observed or were ap-
Ea(rjently dlfferr?nt from those detected in the native-state 3.1. Solving Large-Scale Conformational Search

ydrogen exchange experiment. Broblem by Discrete Folding Int diat

T4 Lysozyme (164 Amino Acid9)}4 lysozyme has two robiem Dy Liscrete Folding Intermediates
visibly separated domains in the structure of the native state. One of the key questions in protein folding has been how
The N-terminal domain has botit-helices ands-strands. protein molecules solve the large-scale conformational search
The C-terminal domain is completety-helical. This protein problem. This question was raised at the end of the 1960s
has three prolines. In the pulse-labeling experiment, inter- by Levinthall®2-1%4 |t was argued that protein molecules
mediates were found to populate in the burst phaself could not do a random search to find the native state in a
ms? The intermediate was converted to the native state with biologically meaningful time scale because there are an
a time constant of~170 ms at pH 6.0 and 23C in the astronomical number of conformations for a given polypep-
presence of 1.5 M urea. The protection factors were measuredide chain with even 100 amino acids. Thus, for proteins to
after 32 ms of folding by varying the pH of a 41 ms pulse fold efficiently, some defined folding pathways should exist.
and were found to be in the range of2000. The very early ~ Accordingly, it was speculated that partially unfolded
folding in the burst phase involves formation of the E helix intermediates may form during folding and help to solve the
in the C-terminal domain and th®sheet residues in the N large-scale conformational search prob#for example,
domain. Other regions are formed in later steps. In the native-if each amino acid contributes three conformations, a
state hydrogen exchange experiment, a partially unfolded polypeptide chain with 100 amino acids will havé®3or
intermediate that involves only the unfolding of the N- ~10* conformations. If the conversion from one conforma-
terminal domain was identifietf. These results have led to tion to another takes I s, a random search to find the

3. Hydrogen Exchange Results and the
Mechanism of Protein Folding
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native structure will take 8 s. However, if the molecule  found to be on the folding pathwa$? 1! In the case of cyt
folds in four steps in a sequential manner, the total number c and RNase H, the structures of the kinetic intermediates
of conformations to be searched isx4 3% ~ 10%2. Thus, identified in the pulse-labeling experiments are similar to
the native structure can be found by a stepwise folding in 1 those of intermediates characterized in the native-state
s. In other words, folding by sequential intermediates is a hydrogen exchange experiments (group ). However, the
very efficient way to reduce the search time. structure of the kinetic folding intermediate of T4 lysozyme
This hypothesis led to the search for folding intermediates is different from that of the equilibrium intermediates
using kinetic methods with optical probes, such as fluores- identified by the native-state hydrogen exchange experiment.
cence and circular dichroism. By the early 1980s, folding The kinetic intermediate has parts of the structures in both
intermediates in several proteins had been fddnowever, the N- and C-terminal domains folded, whereas only the
their structures could not be defined specifically, which left C-terminal domain is folded in the equilibrium intermediate
the possibility that there might be a large number of state. It is important to point out, however, that very high
nonspecific partially unfolded intermediates on different concentrations of protein~7 mg/mL in the refolding
pathways, which led to a jigsaw puzzle moéélin 1988, process) were used in the pulse-labeling experiment of T4
the pulse-labeling results on ay® and RNase A provided lysozyme? Because the kinetic folding intermediates of
the first examples for the existence of specific intermediates. barnase observed in the earlier pulse-labeling experiment
Subsequent pulse-labeling studies on many other proteinshave been shown to be caused by transient intermolecular
such as lysozymé&;’"1%7apomyoglobirn’? and ribonuclease  aggregations, the possibility that the observed kinetic inter-
H35 further supported the existence of specific intermediates. mediate in T4 lysozyme is also due to intermolecular
However, these are either large {20 amino acids), which  aggregation cannot be simply ruled out.
could have multiple domains, or involve misligations (cyt
intermediate) and proline isomerization (RNase A) during 3.3. High-Resolution Structure of a Hidden
the process of folding. Recent studies on smaller single- Folding Intermediate
domain proteins €120 residues) have shown that they
generally do not have detectable kinetic intermediates in the Although folding intermediates have been identified and
absence of stabilizing reagent (such as 0.4 MS), characterized for many proteins by pulsed- and native-state
disulfide bonds, proline isomerization, misligation, and hydrogen exchange, the resolution of the structures of these
aggregations. For example, hydrogen exchange experimentétermediates is only at the level of residues. An important
have shown that there are no significant amide proton aspect of protein folding studies is to determine the high-
protections for the proposed early-folding intermediates in resolution structures of folding intermediates at atomic
the folding of ubiquitin, barnase, CD1, protein G B1-domain, resolution. A high-resolution structure provides the ultimate
and RNase A (see group Il and Il proteins). evidence for the existence of specific intermediates. This
The critical evidence for the existence of multiple folding has been achieved recently. Using a native-state hydrogen
intermediates in small single-domain proteins came from the €xchange-directed protein engineering apprdaane of
native-state hydrogen exchange experiments. However, theséhe hidden folding intermediates of Rd-apodys. (see
intermediates exist after the rate-limiting transition state (see Figure 7) has been populated, and its structure has been
group Il proteins) and therefore evade the detection by the
conventional kinetic studies. It should be noted that the
kinetically detectable intermediates and the hidden interme-
diates play the same role in the large-scale conformational
search, although they may have different roles in determining
the rate-limiting steps (see discussions in ref 54).

!
3.2. On- and Off-Pathway Nature of Folding &g’f

Intermediate
Detection of partially unfolded intermediates by hydrogen I

exchange confirms that defined intermediates exist. To prove
that intermediates solve the large-scale conformational search
problem, it needs to be demonstrated that the intermediates
protein molecules have to go through them to reach the native

AGHx(kcal;‘moli

are on the folding pathway, as ind | < N. In other words,
state in a three-state system. It should not be off-pathway,
asin l= U < N, or kinetically isolated, as in &> N < I.

A simple observation of an intermediate in a kinetic
folding experiment alone does not necessarily mean that the
intermediate is on the folding pathway. This is because when . . .
the unfolded state is less stable than the intermediate state, 0.0 0.4 0.8 12
the unfolding process will not be detected in the folding from GdmCl
| = U < N. Therefore, specific demonstration is needed. ) [GdmCT] (M)

The on- and off-pathway issue on folding intermediates has Figure 7. Native-state hydrogen exchange results of Rd-apocyt

; ; : .1i_ bss2 @along with the partially unfolded structures. Unfolding of the
been studied for several proteins. These include the misli- e rminay helix (red) leads to the PUF2. Further unfolding of a

gate?ogntermediate_ of eyt the misfolded intermediate of  part of the C-terminal helix leads to PUF1. Two amide protons are
IM7,1% and the intermediates with non-native proline shown with corresponding colors for each region in the native
conformation of RNase A'° These intermediates have been structure.
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results in terms of native-like side-chain interactions may
not be well founded.

This result also has important implications for understand-
ing the mechanism of folding. The fact that Rd-apooy
folds very rapidly with a rate constant ef10* st at 25
°C* indicates that side-chain packing or repacking is not
intrinsically slow and cannot be the reason for population
of early-folding intermediates, as previously suggested in the
molten globule modelt>11® This conclusion is further
supported by recent mutational and theoretical studies in
which non-native hydrophobic packing interactions have
been found to actually stabilize the transition state and
accelerate folding” and the number of folded residues and
the topology of the transition states have been shown to be
the dominant rate-limiting factord®

3.4. Solving Large-Scale Conformational Search
Problem by a Funnel-like Energy Landscape

The numerous folding pathway view proposed in the
jigsaw puzzle modé?® has been further addressed on the
basis of the statistical mechanics of polymers and computer
simulation with simple lattice model$? 2! These theoretical
studies assumed that folding occurs on a funnel-like energy
landscape through numerous different folding pathways.
Accordingly, it is argued that mass action law may not be
applicablet?! Instead, Kramer's theory on diffusive reactions
may be more appropriate for analyzing the kinetic foldiffg.

In this funnel-like landscape theory, when a specific inter-
mediate is populated in the folding process, it is considered
as a kinetic trap that slows foldirig® Moreover, the funnel-
like energy landscape view also implies a general correlation
between folding stability and folding rates. The stability of
the transition state ensembles will be acquired largely by
making use of interactions present in the native-state
structuret4

The identification of specific early-folding intermediates
in the pulse-labeling experiments in larger proteins and
hidden intermediates by native-state hydrogen exchange in
small proteins appears to be inconsistent with the general
view of the funnel-like energy landscape. In particular, the
high-resolution structure of the intermediate of Rd-apocyt
bse, indicates that the intermediate can be very specific,
providing strong evidence for the use of mass action law in
Figure 8. Structure of PUF2 determined by NMR: (A} @races analyzing folding kinetics. In addition, despite the broad non-
for 10 NMR structures. They are superimposed on the folded region natjve-like interactions in the intermediate state of Rd-apocyt
of the structure; (B) illustration of non-native-like hydrophobic 1, " he intermediate is not kinetically trapped because it
packing in the intermediate; (C) corresponding hydrophobic residues ~>> L
in the native state. exists after the rate-limiting step and Rd-apobyd, folds

very rapidly with ak; of ~10* s™. Moreover, destabilizing
mutations in the N-terminal helix of Rd-apodys, have no
effect on the folding rate®. This is contrary to predictions

The high-resolution structure of the intermediate has ot the funnel-like energy landscape theory but can be
immediate implications for interpreting experimental results interpreted easily by the classical view because the N-

from amide hydrogen exchange and protein engineering teyminal helix is not formed in the rate-limiting transition

studies. It is commonly assumed that protection of amide siate and, therefore, makes no contribution to the stability
hydrogens in protein folding intermediates is due to native- 4 the rate-limiting transition staté.

like hydrogen bonding. Similarly, in protein engineering

studiest3 14 mutational effects on the stability of partially . ; ; ;

unfolded states (intermediates or transition states) are generg3 5. Cooperativity Hypothesis of Protein Folding

ally assumed to arise from native-like side-chain interactions. A major cause for the inconsistency between the experi-
The native-like backbone conformation of the intermediates mental results of naturally occurring proteins and the funnel-
of Rd-apocytbss, provides experimental support for the like energy landscape theory has recently been revealed by
native-like hydrogen-bonding assumption. However, the Chan and co-worker€® In a series of papefdé12° Chan
broad non-native-like side-chain interactions observed in and co-workers examined the past lattice models and found
these intermediates indicate that the interpretation of mutationthat all of them failed to reproduce the typical folding

solved by multidimensional NMR methods (see Figuré'8).
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behavior of apparently two-state proteins: a linear chevron proteins is a search for a transition state with native-like
plot (the linear dependence of the logarithm of the folding topology?®141The number of effectively folded residues in
rate on denaturant concentrations). For example, in the mostthe transition state, which is controlled by the topology of
recently published lattice mod&¥ the chevron plotis curved  the structure, is also found to be the dominant factor that
and the folding rate changed by a factor of only 2. In real determines the folding rafé? In contrast, the folding
proteins, however, it is normally linear and covers more than behavior of larger proteins has been less studied. The major
an order of magnitude of folding rate. More importantly, questions are why larger proteins commonly populate early-
Chan and co-workers further showed that both many-body folding intermediates during folding and what determines
(cooperative) interactions and a near-Levinthal energy land-their folding rates. Currently, there are several hypotheses.
scape (near-flat energy landscape) for the unfolded state,The first is the molten globule model, which postulates that
which have been lacking in the earlier lattice models, are protein folding occurs in two steps: (1) formation of
necessary to reproduce a meaningful range of linear depensecondary structures on the time scale of milliseconds and
dence of folding rate on denaturant concentrations. Specific (2) slow packing of tertiary interactions on the time scale of
partially unfolded intermediates similar to the hidden inter- second$!6143The folding behavior of small proteins suggests
mediates observed in the native-state hydrogen exchangehat the molten-globule model is unlikely to be a general
experiments in real proteins have also emerged when themodel for protein folding because these proteins fold in an
above two factors were incorporated empirically in the new apparent two-state manner without the population of early-
lattice model3! folding intermediates. However, it has been argued recently
Because a funnel-like energy landscape can efficiently that side-chain packing may still depend on the chain length
solve the large-scale conformational search problem, the keyof proteins. Tertiary packing may be easier to solve in small
question becomes why small proteins do not appear to useproteins than in large proteii$! The second hypothesis is
it to solve the conformational search problem. One possible that early-folding intermediates are populated due to the
reason is that naturally occurring proteins may have evolved existence of misfolding barrief8 However, except in cases
to have highly specific structures, which requires a rather involving proline isomerization, Fé—His misligation, and
flat energy landscape or even an uphill energy landscape fordisulfide isomerization, the exact feature of misfolding is
the unfolded conformations with cooperative stabilization of still not identified. Recent studies suggest that intermolecular
folding intermediates and native stdté A simple funnel- aggregation may be considered as another factor for mis-
like energy landscape is not chosen by evolution because itfolding. This may be an important issue for the early pulse-
lacks the folding cooperativity necessary for the well-defined labeling experiments because they were done at relatively
structures. high protein concentrations. Reexamination of the earlier
Available data in the literature appear to be consistent with results is needed to clarify this issue. In addition, an effort
this cooperativity hypothesis. Many proteins perform very should be made to solve a high-resolution structure of an
specific functions. These proteins need to have well-folded €arly-folding intermediate to see whether non-native topology
specific structures to ensure they can have the functional €Xists because topology has been found to be important for
specificity. Therefore, a stringent evolutionary pressure is determining the folding rate of small proteins. The third
needed to achieve such results. This is consistent with thehypothesis is that larger proteins are made of multiple
fact that it has been very difficult to de novo design proteins domains. Early-folding intermediates exist because different
with the typical structural properties of naturally occurring domains fold with different rate$'°The domain that folds
proteins. The most successfully de novo designed or rede-quickly will fold early and forms the folded region in the
signed proteins are still dynamically more flexible than folding intermediate.
typical naturally occurring proteins. For example, the de novo ;
designed three-helix bundle protea83D)'3 and the computer- ?Jﬁfo:?iﬁg Hydrogen Exchange and Protein

redesigned protein G B1 domé&ifh have more dynamic ) . . .
motions than naturally occurring proteins as judged by One important aspect of more recent protein folding studies

dynamics studies using NMR5136 Another computer- by hydrogen exchange is the exploration of protein unfolding
redesigned protein G B1 doméaffiand a de novo designed &t high pH under native and EX1 conditions (see early
protein with a new fold (Top7) by computational meth#d introduction on EX1 mechamsm) at which unfolding experi-
have much larger temperature factors (B-factor) than thoseMents cannot be performed directly. The rate constants of
in the naturally occurring proteins. These dynamic features Unfolding obtained from these studies have been very useful
might explain why the folding energy landscapes of computer- for prqwdmg information on protein unfolt_jmg. lefere_nt
designed proteins tend to have a low folding free energy Unfolding rates measured from several amide protons in the
barrier!3® Moreover, these studies further showed that turkey ovomuc0|d_th|rq domaln.suggest the existence of a
naturally occurring proteins can be redesigned to be ther-nNumber of unfolding intermediaté€:'*’ in the case of

modynamically more stable and fold more quickif14° barnase, the unfolding rate constant measured by hydrogen
indicating that major evolutionary pressure is neither to exchange at low concentration of denaturant shows that the

optimize the thermodynamic stability nor to increase the l0garithm of the unfolding rate constant is not a linear

folding rates of proteins. function of denaturant concentration and helps to illustrate
the absence of a previously identified stable sub-millisecond

. ; ; ; early-folding intermediaté®52 The nonlinear behavior also
g'r%tel?r?srly Folding Intermediates in Larger suggests that a hidden on-pathway folding intermediate might

exist after the rate-limiting transition state. A native-state
Small proteins with fewer than 120 amino acids usually hydrogen exchange experiment under EX1 conditions on cyt
do not populate early-folding intermediates in the absence ¢ has provided important kinetic information for a sequential
of the stabilizing reagent such as 0.4 MJS8. It has been  unfolding/folding pathway#® It is shown that partially
suggested that the rate-limiting process of the folding of small unfolded intermediates can be identified on the basis of the
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exchanging rates of amide protons measured at high pH. Four (41) Hoang, L.; Bedard, S.; Krishna, M. M. G.; Lin, Y.; Englander, S.

distinct unfolding steps were found to be in the order as W. Proc. Natl. Acad. Sci. U.S./2003 99, 12173.
lated i h l di h d (42) Sauder, J. M.; Roder, Hrolding Des.1998 3, 293.
postulated in the earlier studies. Exchange under EX1 (43) Fuentes, E. J.; Wand, A. Biochemistry1998 37, 9877.

conditions has also been used to study the dynamic conver- (44) Chu, R. A.; Takei, J.; Knowles, J. R.; Andrykovitch, M.; Pei, W.;
sion from one folding intermediate to another in a large gglsava, A.V.; Steinbach, P.; Ji, X.; Bai, ¥. Mol. Biol. 2002 323

protein with a single-layeB-shee® More recent work on 45) Chu. R. A- Pei. W. H. Takei. J.- Bai. \Biochemisiv2002 41
CD1 revealed the switch between EX1 and EX2 at high pH, ¢ )799ué. A Pel, W. H.; Takel, J.; Bal, \Blochemistry2002 41

suggesting that a high-energy intermediate may have been (46) Takei, J.; Pei, W.; Vu, D.; Bai, YBiochemistry2002 41, 12308.

observed*® A more complete coverage of the exploration  (47) ABVgOE' tM “fé‘é%”éﬁ'&eiéé\‘ Kellis, J. T., Jr.; Serrano, L.; Fersht,
. . . R. Nature .
of t[he 15))(1 mechanism has been presented in a recent (48) Matouschek, A.; Serrano, L.; Meiering, E. M.; Bycroft, M.; Fersht,
review: A. R.J. Mol. Biol. 1992 224, 837.
(49) Chu, R.-A.; Takei, J.; Barchi, J. J., Jr.; Bai, Biochemistry1999
38, 14119.
(50) Chu, R. A,; Bai, Y.J. Mol. Biol. 2002 315 761.
(51) Takei, J.; Chu, R. A,; Bai, YProc. Natl. Acad. Sci. U.S.200Q
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