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ABSTRACT. Amide hydrogen/deuterium exchange rates were measured as a function of pH and urea for
37 slowly exchanging amides in titetrefoil protein hisactophilin. The rank order of exchange rates is
generally maintained under different solution conditions, and trends in the pH and urea dependence of
exchange rates are correlated with the rank order of exchange rates. The observed trends are consistent
with the expected behavior for exchange of different amides via global and/or local unfolding. Analysis

of the pH dependence of exchange in terms of rate constants for structural opening and closing reveals
a wide range of rates in different parts of the hisactophilin structure. The slowest exchanging amides
have the slowest opening and closing rates. Many of the slowest exchanging amides are located in trefoil
2, but there are also some slow exchanging amides in trefoils 1 and 3. Slow exchangers tend to be near
the interface between thebarrel and thes-hairpin triplet portions of this single-domain structure. The
pattern of exchange behaviour in hisactophilin is similar to that observed previously in interlgljkin-1
indicating that exchange properties may be conserved aipdrejoil proteins. Comparisons of opening

and closing rates in hisactophilin with rates obtained for other proteins reveal clear trends for opening
rates; however, trends in closing rates are less apparent, perhaps due to inaccuracies in the values used
for intrinsic exchange rates in the data fitting. On the basis of the pH and urea dependence of exchange
rates and optical measurements of stability and folding, EX2 is the main exchange mechanism in
hisactophilin, but there is also evidence for varying levels of EX1 exchange at low and high pH and high
urea concentrations. Equilibrium intermediates in which subglobal portions of structure are cooperatively
disrupted are not apparent from analysis of the urea dependence of exchange rates. There is, however, a
strong correlation between the Gibbs free energy of opening and the denaturant dependence of opening
for all amides, which suggests exchange from a continuum of states with different levels of structure.
Intermediates are not very prominent either in equilibrium exchange experiments or in quenched-flow
kinetic studies; hence, hisactophilin may not form partially folded states as readily g& dhdl other

p-trefoil proteins.

Hisactophilin is a histidine-rich actin binding protein from Kunitz protease inhibitors; and the actin binding protein
the slime molDictyostelium discoideuifi, 2). The structure hisactophilin 4—6). We have undertaken in-depth studies
of hisactophilin 8) (Figure 1) is representative of tjfetrefolil of the folding and dynamics of hisactophilin to gain insights
fold (4), which consists of three sequential trefoil units, each into the molecular determinants of tfietrefoil fold and the
containing fourg-strands. Thes-strands form g3-hairpin principles of folding of allg proteins ¥, 8).

triplet, which packs against one end of a six-stranded, Measurement of the rates of hydrogegeuterium (H/D)
antiparallelf-barrel @). This interesting alf structure is  exchange of backbone amide protons in proteins is a
adopted by various protein superfamilies with unrelated powerful tool for investigating protein folding, stability, and
functions, including cytokines, such as interleukjh{1L- dynamics at atomic resolution (reviewed in réfs12). The

1B)* and fibroblast growth factors; ricin B-like; agglutinin;  exchange of amide protons with solvent deuterons can be
described using the general two-step model of Linderstrom-
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Ficure 1: Ribbon diagram of the structure of hisactophilin. The
p-trefoil structure consists of 12-strands, which can be grouped
into three trefoil units each containing four sequenfiedtrands.
Each trefoil contributes two strands to a six-strangkbarrel
(shown at the top of the structure) and two strands to the triangular
B-hairpin triplet (shown at the bottom of the structure) that caps
one end of thgg-barrel. Residues participating in the three layers
of the -barrel or in the twgs-hairpin layers are colored, and their

side chains are shown as stick representations. Residues in the top

layer (G2, N38, G41, H78, G81, and 1117) of tfiebarrel are
colored yellow; those in the middle layer (R4, V36, V43, L76, V83,
and G115) are red, and those in the bottom layer (F6, F34, L45,

F74,185, and F113) are blue. The three residues forming the upperor guanidinium hydrochloride

pB-hairpin layer (L14, L53, and 193) are colored green, and those
forming the lowers-hairpin layer (V21, L63, and S102) are orange.
The 18 residues comprising the middle and botfimarrel layers
and the upper and lowg@rhairpin layers are structurally conserved
as medium or large hydrophobic residues in differgrtrefoil
proteins §). The amides that exchange by global unfolding and
correspond to the slow exchange core (A44, L45, K46, S54, Y62,

F74, 185, K86, 193, S94, F113, and E114; see Tables 2 and 3) are

located near the interface between théarrel andf-hairpin
portions of the structure. With the exception of Y62, these amides
are all in the bottonf-barrel layer, in the uppei-hairpin layer, or

directly adjacent in primary sequence to residues in these layers.

The figure was produced using the program MOLM@3a5)(and
the NMR structure of hisactophilin (PDB entry 1hcd).

state. Under conditions favoring the native state (kg>
kop), the observed rate constant for the overall process,
is given by

Ko
kcl + kint

There are two kinetic limits for the exchange process. At
the EX1 limit, ky << kine SO thatkops depends on onlop:

kobs: kop (3)

At the EX2 limit, kg > kint SO thatkypsis proportional takin
and the equilibrium constant for openingep:

_ o
K

kint Is pH-dependent, so measurement&gfas a function

of pH can be used to determikg, andky (15—19). This is

a powerful method for quantitative analysis of the dynamics
of individual amide groups located throughout a protein
structure. Values df can also be compared with values of

kit to determine the exchange mechanism of individual
amides.

kobs (2)

kobs kint = Kopkint (4)
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same in the open state as in model pepti@d3 &nd using
the relation

(5)

whereR is the gas constant afids the absolute temperature.
Measurements dé,ps as a function of denaturant concentra-
tion are analyzed using a two-process model in which
exchange occurs through either (1) global unfolding, which
is characterized b and depends on denaturant con-
centration according ta¥'°®, or (2) local unfolding, which

is characterized by<'§; and is independent of denaturant
concentration. Incorporation of these two types of openings
into eq 5 gives

AG, = —RTIn K,, = —RTIn(Kypdkinp)

AG,, = —RTIn(K

glob_mIlebU)/RTy
op + Kop € )

(6)
where [U] is the concentration of a denaturant, such as urea
KZ>® and mp> may cor-
respond to subglobal openings rather than global unfolding.

In this paper, we report extensive amide exchange
measurements for 37 slowly exchanging amides in hisacto-
philin as a function of pH and urea concentration. The data
are analyzed in terms of opening and closing rate constants
and equilibria, providing a detailed characterization of
structural fluctuations in hisactophilin.

EXPERIMENTAL PROCEDURES

Urea Denaturation Cures and KineticsDeuterated urea
was obtained from Sigma/Aldrich or was prepared by
repeated lyophilization of protonated urea after dissolution
and incubation in BO. The extent of deuteration was
confirmed as>99% by NMR. Recombinant hisactophilin
and buffers were prepared as described previo@lyth
the following modifications. For equilibrium denaturation
curves, lyophilized protein was dissolved in 500 mM
potassium phosphate or sodium glycinate buffer containing
10 mM DTT and 10 mM EDTA in BO (99.9% purity,
Cambridge Isotope Laboratories), and then diluted 10-fold
using D,O and 10 M deuterated urea (final protein concen-
tration of ~0.2—0.3 mg/mL). Denaturation curve data were
fit as described previously8) to a two-state transition
between the native and denatured state using the binomial
extrapolation method (BEM) according to the equation

_ [YN _ (YU + SJ[urea])]ef(AGﬁ-é—ml[urea}mz[urea]z)/RT

14 ef(AGSHnl[ureak my[ureaP)/RT

Yy

(7)

whereY is the observed fluorescencé, is the fluorescence

of the native stateY, is the fluorescence of the unfolded
state in the absence of uré&y,is the denaturant dependence
of the fluorescence of the unfolded state5; is the Gibbs

free energy of unfolding in the absence of denaturemt,
andnm, are constants describing the denaturant dependence

The structure and stability of exchange competent statesof the Gibbs free energy of unfolding is the gas constant,

in proteins can be investigated further by “native state

andT is the absolute temperatum, was fixed at 0.072 on

exchange experiments” in which the urea dependence ofthe basis of the combined analysis of urea and thermal

exchange rates is measured under EX2 conditions (for
reviews, see ref§2and20). The apparent Gibbs free energy
of opening,AGe,, is determined by assuming tha; is the

denaturation dategj.
For kinetic experiments, concentrated protein solutions
were prepared as described above, and kinetics were initiated
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1.2 T T T Y r logarithm of the unfolding rate for hisactophilin has a
nonlinear denaturant dependence yOFigure 2B) and in
H>O (22). Similar behavior has been observed for other
proteins, for which two-state unfolding has been fit using a
second-order polynomial8—25). Hisactophilin unfolding
rates were therefore fit using

log k nd[ureal) = log Kiys + [M,n 1/(2.30RT)][urea] —
[Mun #(2-30RT)][ureaf (8)

and complete kinetic data were fit using

log kpd[urea]) = log{ K x

1dmunf,1/(2.303?'0][urea]—[nhnf,zl(zsoa?'l)][ureaF 4
k?f % 10—[mefl(2.303?1)][urea]} (9)
e

N
0.8 |
0.6 |

04 f

Fraction Unfolded

0.2 [

where K. and K are the unfolding and refolding rate
constants in the absence of denaturant, respectively,
describes the linear denaturant dependence of the natural
logarithm of the refolding rate, ant,n;1 andmyqs» describe

a quadratic denaturant dependence for the natural logarithm
of the unfolding ratem,ns» was fixed at 0.0473, which is
the average value from fitting data for many different
unfolding experiments2?). AG] was then calculated from
kinetic data using

obs

log k

kﬂnf

AG. = —RTIn— (10)
[urea] (M) ef

FiGure 2: Fluorescence-monitored stability and kinetics of hisac- . .
tophilin in D,O as a function of pH. (A) Equilibrium urea NOte that there is good agreement between fitted values

denaturation curves. (B) Kinetics of unfolding and refolding. Data Obtained from equilibrium data and from kinetic data using
are for pH 5.9 @), 6.8 (), 7.8 (®, ©, and+), 8.7 @), and 9.7 the equations for a two-state transition with nonlinear
(O). Solid lines in panel A represent fits of the data to a two-state genaturant dependence (Table 1). This and the results of the

transition between the native and unfolded states (eq 7). Solid lines .. ;
in panel B represent fits of the data to a two-state transition between amide exchange experiments (see the Results) further support

the native and unfolded states considering only unfolding data (eq @nalysis of equilibrium data for hisactophilin using BEB).(

8) for pH 6.8 and 9.7, and unfolding and refolding data (eq 9) for ~Amide Exchange Rate Measuremeritsiformly °N-

pH 5.9 and 7.8. Data below 2.0 M urea at pH 7.8 were excluded enriched hisactophilin for NMR samples was prepared as
from the two-state fit due to the occurrence of double-exponential jescriped previously 7J. For measurement of the pH

refolding kinetics in these experiment® @nd + represent rates . . .
for the fast and slow phase, respectively) and in quenched-flow dependence of amide exchange rates, purified protein was

experiments, which provide evidence for formation of a folding €Xchanged into 50 mM potassium phosphate buffer at pH
intermediate 22). The fast phase accounts fe180—90% of the 5.9, 6.8, and 7.8 or 50 mM glycine buffer at pH 8.7 and 9.7
total fluorescence change. Amplitudes for kinetic data correspond and then lyophilized. Amide hydrogetdleuterium exchange
to values expected on the basis of equilibrium experiments. This 4 injtiated by redissolving the sample ia@to the same
further validates analysis of the kinetic data using the two-state . . e
model. Values obtained from the fits are summarized in Table 1. Volume that eX|_sted prior to Iyophlll_zatlon. For exchange
measurements in urea, an appropriate volume of a stock
by dilution (usually 10-fold) of the protein solution. For rates solution of deuterated urea in,O was added upon redis-
slower than~0.01 s, reactions were initiated by manual solving the sample in BD. The protein concentration for
mixing, while faster rates were measured by stopped-flow, the NMR experiments~13 mg/mL) is significantly higher
using an SFM4/Q instrument (Molecular Kinetics, Pullman, than that for fluorescence-monitored experiment8.8 mg/
WA) interfaced to the Fluorolog-22/Neslab waterbath system. mL); however, hisactophilin stability does not change with
Raw Kkinetic data were fit using Biokine 2.10 software protein concentration over this rang& C. Liu and E. M.
(Molecular Kinetics). Kinetic data are generally single- Meiering, unpublished data).
exponential and consistent with a two-state transition between Amide exchange rates were determined from the rate of
the native and denatured states, except at low denaturantecay of NH cross-peak intensity in successit-1°N
concentrations at pH 7.8, where double-exponential kinetics HSQC spectra, which were acquired on a Bruker AMX500
are observed in fluorescence and quenched-flow NMR spectrometer using gradients for artifact and water suppres-
experiments and there is evidence for formation of a kinetic sion 26). Each spectrum took 12.5 min to acquire. After
folding intermediate (Figure 2B22). In this paper, we are  the protein had been redissolved, samples were thermally
concerned with the two-state transition; non-two-state be- equilibrated in the magnet. Acquisition of the first spectrum
havior is described in detail elsewher2?). The natural was initiated approximately 15 min after the protein had been
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Table 1: Summary of Equilibrium and Kinetic Parameters for Hisactophilin 82D

AG; my Chnid log K¢ Myet log Kons Mun,1
pH® method (kcal/mol)  (kcal molt M~1) (M) (s (kcal molFt M~1) (s (kcal molFt M%)

5.9 equilibrium BEM  4.04+0.23 2.37£0.12 1.80+0.02 — - - -
LEM 3.93+0.26 217+ 0.13 1.81+ 0.02
kinetic - 3.44+0.14 2.46+ 0.01 1.42+0.12 —0.96 (0.04) 1.84+ 0.09 3.51(0.07) 0.62 0.01
6.8 equilibrium BEM  8.18:0.29 2.46+ 0.08 3.73+0.01
LEM 7.13+0.29 1.91+ 0.07 3.73+ 0.02
kinetic - - - - 1.34 (026) 177+ 0.09 —4.67 (0.06) 0.65t 0.01
7.8 equilibrium BEM 10.84t 0.29 2.47+ 0.06 517+ 0.02 -— - - -
LEM 9.04+0.27 1.75+ 0.05 5.16+ 0.02
kinetic — 10.51+0.28 2.144+0.06 5.27+0.33  2.53(0.07) 1.430.04 —5.30 (0.15) 0.7} 0.02
8.7 equilibrium BEM 12.14+0.28 2.44+ 0.05 6.07£0.02 — - - -
LEM 9.61+0.08 1.59+ 0.05 6.06+ 0.01
9.7 equilibrium BEM 11.27% 0.57 2.48+0.11 5.39+0.03 -— - - -
LEM  9.27+ 0.56 1.72+0.10 5.384+ 0.03
kinetic - - - - 3.36 (024) 182+ 0.13 —5.04 (0.12) 0.66t 0.02

a Equilibrium values were obtained from fitting urea denaturation curve data in Figure 2A to eq 7 wito&0.072 for the binomial extrapolation
method (BEM) and am, of O for the linear extrapolation method (LEM). Previous studies have demonstrated significant nonlinear urea dependence
of AG, for hisactophilin, which can be fit using BEMB). Values of AG, from BEM analysis of equilibrium denaturation agree with values
obtained from kinetics (see above), and are the same or slightly smaller than vald€gafbtained from amide exchange data (Table 2 and
Supporting Information). In contrast, LEM analysis of urea denaturation curves gives considerably lower vai@§ tioan other methods (ref
8 and above). The discrepancy between values obtained by the LEM and BEM increases systematically as protein stability increases and longer
extrapolations are required to obtakG]. Thus, the data presented here provide further support for analysis of the urea dependeGgeyf
BEM rather than LEM Cpq corresponds to AG, of 0. Kinetic fitted values were obtained by fitting unfolding and refolding rates in Figure 2B
to eq 9 (pH 5.9 and 7.8) or fitting unfolding rates to eq 8 (pH 6.8 and 9.7), withan of 0.0473, and then calculating refolding parameters (given
in italics) by combining egs 7 and 8. Error estimates for all fitted values are from the fitting program. For #Jg lmd logk?,; values, numbers
in parentheses represent the error estimates corresponding to the maximum estimated rate Eqisteaitses in all tables and figures correspond
to the pH reading of the fD solutions, uncorrected for the isotope effect.

dissolved in DO. Spectra were recorded continuously for than in HO, as has been observed for other proteR&-(
several hours and then at increasing time intervals for up to 31).

110 days after initiation of exchange. NMR data were  Rates of fluorescence-monitored global unfolding and
processed using Felix97 software (MSI) on an Indigo Il efolding of hisactophilin were also measured inCDat
workstation (Silicon Graphics, Inc.). various pHs (Figure 2B). The kinetic data are also consistent
Values ofkops were obtained by integrating cross-peak with a two-state transition (see Experimental Procedures),
volumes using Felix97 and fitting the data to a single- except at low denaturant concentrations at pH 7.8, where
exponential decay. Values kf; were calculated on the basis  there is evidence for formation of a folding intermediate
of measurements of exchange rates in model pept@Bs ( (Figure 2B and Table 122). The refolding rate is very
using the program HX-predic(). Values ofk,, andkg for strongly dependent upon pH; it increases markedly from pH
each amide were determined Dy fittikg.s versus pHto €q 59 to 7.8, and then remains roughly constant from pH 7.8
2 as described previousliL). For exchange experiments g 9.7. The unfolding rate is also pH-dependent, but less so
as a function of urea concentratiodGe. values were  than the refolding rate. The rate of unfolding is very slow,

calculated fromkops andkine using eq 5, and theKs;”, Kgp, and essentially constant at pt6.8, and increases markedly
andnP®° values were determined by fittin§Ge, versus urea  pelow pH 6.8. As for the equilibrium data, the kinetic data
concentration to eq 6. parallel results for experiments conducted isOH22).

Except when otherwise noted_, fitting of_data to the various pH Dependence of Exchangghemical shift assignments
equations was performed using nonlinear least-squaresg, packhone amide groups in hisactophilin as a function of
regression by the program Kalgdagraph (Synergy Somare)'pH have been reported previously).(Using these assign-
Reported pH vaIues.for experiments are forqidwhich is ments, amide exchange rates were determined at pH 5.9, 6.8,
uncorrected for the isotope effect. 7.8, 8.7, and 9.7. Representative exchange data are shown
in Figure 3, and exchange rates are given in Table 2. Amide
exchange rates in hisactophilin are strongly dependent upon

Urea Denaturation Cures The thermodynamic stability ~ pH (Figure 4). Generally, the rank order of exchange rates
of hisactophilin was measured using fluorescence-monitoredis maintained at the different pHs; i.e., the same residues
urea denaturation curves in,O (Figure 2A) at the same tend to exchange most slowly at all pHs. The pH dependence
pH values used for exchange experiments (see below). Theof the exchange rate for a given amide is correlated with its
denaturation curves are well fit by a two-state transition absolute exchange rate; for the slowest exchanging amides,
between the native and denatured states (Table 1). Therates decrease markedly from pH 5.9 to 7.8 and then increase
denaturation data indicate that hisactophilin stability increasesslightly up to pH 9.7 (Figure 4A), while for the most rapidly
markedly from pH 5.9 to 7.8, and is roughly constant from exchanging amides, the rates decrease slightly from pH 5.9
pH 7.8 to 9.7. These results are very similar to the pH to 7.8 and then increase markedly up to pH 9.7 (Figure 4B).
dependence of hisactophilin stability measured yOHS); Exchange rates are plotted versus primary sequence and
however, stability is slightly higher{1—2 kcal/mol) in 3O secondary structure in Figure 5. Many of the slowest

RESULTS
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of native hisactophilin is also constant over this pH range
(7). Fitted values ok,, andk are given in Table 2.

The slowest exchanging amides in hisactophilin clearly
have the smallest values &, and also tend to have the
smallest values foky (Table 2 and Figure 6A). Values of
ke can be compared with values &f: to elucidate the
exchange mechanism for individual amides (Figure 6B). Note
that the ratio ok to ki is independent of the absolute value
used forkyy in the fitting (17, 32), and so the exchange
mechanism can be analyzed even when there are inaccuracies
in kine (vide infra). At pH 7.8,k > kine for most amides,
indicating that EX2 is the dominant exchange mechanism.
For the fast exchangerls, is ~2 orders of magnitude larger
thanki, while for the slow exchangerk, is generally only
slightly larger thark,;. Thus, EX1 may occur to some extent
for the slowest exchangers at this pH. Sirggincreases
10-fold for every unit increase in pH, by pH 9Ky < Kint
for most amides; hence, exchange occurs predominantly via
EX1.

The values ok, andk for the slowest exchanging amides
are consistent with fluorescence measurements of global
stability and unfolding and folding kinetics. Values A6y
calculated fromk,, andkg for the slowest amides (Table 2)
are very similar to theAG, measured by fluorescence-
monitored equilibrium denaturation curves (Table 1). Also,
average values df,, and k; for the slowest amides [log
values of—6.12 (0.40) and 1.78 (0.44), respectively (Table
2)] are in reasonable agreement with the rates of global
unfolding and refolding measured by fluorescence at pH 7.8
[log values of—5.30 (0.15) and 2.53 (0.07), respectively

the fit of the data to a single-exponential decay using nonlinear (Table 1)], considering the following experimental aspects

least-squares regression.

of the determination these values. First, the global unfolding
and refolding rates measured by fluorescence should be

exchanging amides are located in trefoil 2; however, there slightly faster than rates obtained by amide exchange because
are also some slow exchangers in trefoils 1 and 3. In generalthe former rates were measured at 200while the latter
slow exchangers tend to be near the interface between thevere measured at 17°€. Second, determination of global

f-barrel ang3-hairpin triplet portions of the structure (Figure

1).

refolding and particularly unfolding rates in the absence of
denaturant may have significant extrapolation errors (Figure

It is generally accepted that the most slowly exchanging 2B). Third, values ofk; are directly dependent on values

amides in proteins tend to exchange via global unfolding of used fork, in the fitting (17, 32); i.e., a 10-fold increase in
the protein §—12). For such amides, under EX2 conditions, ki causes a 10-fold increasekn, and thus any inaccuracy
AGex should equalAG] measured using urea denaturation in ki Will be reflected inky. [Note, however, that values of
curves. AGex was calculated for the slowest exchanging ko, depend very little orkiy (17, 32).] Experimental measure-
amides in hisactophilin using eq 5 (Table 2 and Supporting ments ofki,; have generally been found to agree withi-
Information). There is good agreement between the averagefold with predicted values di,; for denatured protein$88—
AGey value for the slowest amides and; (Table 1) at pH 37). Also, good agreement has been reported between rate
6.8, 7.8, and 8.7, but at pH 5.9 and 9AG., is larger than constants for global folding and unfolding determined by
AG.. These results are consistent with a predominantly @mide exchange, optical methods, and saturation transfer
EX2 exchange mechanism from pH 6.8 to 7.8, and significant NMR experiments for other proteinsdq and references
occurrence of EX1 exchange at both higher and lower pH therein). Thus, measurement of the pH dependence of amide
(vide infra and Discussion). exchange rates appears to be a robust method for investigat-
Analysis of the pH dependence lof.s in terms ofk,p and ing rate constants for structural fluctuations in protefr) (
ko requires thak,, and ky remain constant with changing Urea Dependence of Exchange Ratésalysis of the
pH (15—17). The stability and global unfolding and refolding denaturant dependence of amide exchange rates in terms of
rates of hisactophilin are roughly constant from pH 7.8 to structural opening equilibria requires EX2 exchange condi-
9.7, but change considerably at lower pH (Table 1) and tions. For hisactophilin, exchange is most likely to occur by
higher pH (C. Liu, T. Walma, and E. M. Meiering, EX2 at pH 7.8, i.e., the lowest pH where the protein has
unpublished data). Consequentiy,svalues from pH 7.8to  high thermodynamic stability and fast folding rates (Table
9.7 were fit to eq 2 to determing, andky. Note that there  1). Consequently, the urea dependence of exchange was
is very little change in thdH—N HSQC spectrum of measured at pH 7.8 from 0 to 3.0 M urea (Table 3). The
hisactophilin from pH 7.8 to 9.7, indicating that the structure midpoint of the urea denaturation curve at pH 7.8 is 5.2 M
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Table 2: kobs kop, andky Values for Backbone Amide Protons in HisactopHilin

structure log kabe' (™) AGe (kcal/mol) log Kopf log kef AGg9
residué element pH5.9 pH 6.8 pH 7.8 pH 8.7 pH 9.7 pH 7.8 pH 9.7 (s (s (kcal/mol)
A5 pl —4.55 —5.52 —6.03 —5.63 —5.46 9.91 11.8 —5.46 (0.04) 2.01(0.16) 9.92
F6 p1 —4.62 —5.59 —6.10 —5.85 —5.69 9.39 11.5 —5.71(0.06) 1.23(0.23) 9.23
K7 p1 —4.58 —5.44 —6.02 -5.82 -5.83 9.64 12.0 —-5.81(0.02) 1.00(0.10) 9.06
S8 T1/2 —4.54 —5.34 —5.98 —5.62 —5.41 10.2 12.1 —5.40 (0.06) 2.38(0.21) 10.4
L14 B2 —4.66 —5.81 —6.27 —5.62 —5.28 9.25 10.6 —5.22(0.02) 1.85(0.06) 9.40
S15 p2 —4.50 —5.26 —5.47 —4.74 —4.24 9.09 10.1 —4.12 (0.02) 2.86 (0.05) 9.28
A16 B2 —4.15 —4.29 —4.28 -3.28 —2.82 7.69 8.41 —2.72(0.01) 2.93(0.03) 7.51
F34 B3 —4.54 —5.38 —5.85 —5.24 —4.92 9.25 10.7 —4.87 (0.02) 2.22(0.07) 9.42
H35 53 —-4.55 —5.39 —5.46 —4.99 —-4.58 8.81 10.3 —450(0.05) 2.45(0.14) 9.25
E37 B3 —4.45 —4.69 —4.40 —-3.46 —2.94 6.59 7.31 —2.81(0.00) 2.10(0.01) 6.52
V43 £5 —4.44 —5.94 —6.25 —5.48 —4.93 9.14 10.0 —4.79 (0.01) 2.22(0.04) 9.31
Ad4 p5 —4.71 —6.23 —-7.31 —5.98 —5.69 111 11.6 —5.64 (0.03) 2.18(0.11) 10.4
L45 65 ~4.76 —6.28 -7.37 —6.43 —6.20 10.6 11.7 —6.16 (0.02) 1.59(0.08) 10.3
K46 85 —4.60 -5.98 -7.02 —6.89 —6.53 10.6 12.6 —-6.49(0.12) 2.01(0.34) 11.3
S54 /6 —4.64 —6.09 —7.08 —6.59 —6.28 10.5 12.3 —6.23(0.04) 2.43(0.13) 115
Y62 p7 —4.77 —6.31 —7.23 —6.47 —6.67 10.7 12.6 —6.55(0.15) 1.03(0.48) 10.1
L73 L7/8  —4.62 —5.37 —5.49 —-4.53 -3.95 8.53 9.14 —3.77(0.02) 2.63(0.06) 8.52
F74 £8 —4.79 —6.40 —7.34 —7.32 —6.92 10.8 12.9 —6.88 (0.15) 1.85(0.40) 11.6
E77 58 —-3.71 —3.56 —3.62 fast fast 5.46 rid nd nd nd
V83 A9 —4.71 —5.30 —5.29 —4.42 —3.86 7.87 8.62 —3.71(0.00) 2.24(0.01) 7.91
S84 59 —4.63 —5.67 —5.97 —5.07 —4.48 0.85 10.5 —-4.31(0.00) 3.11(0.01) 9.87
185 £9 —4.64 —6.03 —6.91 —6.10 —6.03 10.2 11.7 —6.00 (0.05) 1.37(0.20) 9.80
K86 B9 —4.59 —6.06 ~7.02 —6.14 —6.09 10.6 12.0 —6.05(0.06) 1.52(0.24) 10.1
Y92 510 —4.54 -5.83 —-6.51 -5.97 -5.73 10.1 11.7 —-5.70(0.03) 1.98(0.10) 10.2
193 £10 —4.77 —6.34 —7.28 —6.46 —6.30 10.4 11.7 —6.27 (0.03) 1.31(0.10) 10.1
S94 p10 —4.59 —5.85 —6.87 —5.84 —6.02 10.9 12.5 —5.90 (0.15) 1.68 (0.50) 10.1
A95 p10 —4.59 —5.48 —5.51 —4.66 —4.06 9.33 10.1 —3.89(0.01) 3.20(0.02) 9.42
D96 T10/11 —4.41 —4.66 —4.73 —3.88 —-3.35 7.49 8.32 —3.22(0.00) 2.46 (0.01) 7.55
H100 T10/11 —4.43 —5.76 —6.09 —5.49 —4.98 9.79 11.0 —4.86 (0.03) 2.78(0.09) 10.2
S102 p11 —4.54 —5.30 —5.29 —4.15 —3.60 8.94 9.35 —3.45(0.01) 3.04(0.04) 8.63
K104  pBl1 452 —-5.08 —-551 —-4.79 -4.29 9.14 10.2 -4.17(0.02) 2.86(0.05) 9.35
T112 L11/12 —-3.47 —3.52 —3.78 —3.16 —2.80 6.80 8.16 —2.74 (0.02) 2.54(0.07) 7.02
F113 p12 —4.76 —6.15 —-7.19 —-5.91 —5.71 111 11.8 —5.67 (0.05) 2.09 (0.16) 10.3
E114 p12 —4.86 —6.16 —7.15 —6.23 —5.70 10.5 11.2 —5.57 (0.00) 2.32(0.00) 10.5
1116 p12 —5.38 —6.25 —6.06 —4.66 —3.53 8.49 7.79 nd nd nd
1118 L12 —5.30 —4.85 —4.44 —3.49 —2.94 3.84 4.50 —2.78 (0.02) 0.097 (0.046) 3.83
“global’ —-47+01 —-6.2+02 —72+0.2 —644+04 —6.2+04 10.7£0.3 12.1+05 —6.12+0.40 1.78£0.44 10.5+0.6

aThe following residues exchanged within the dead time of the experiment at all pH values: G2, H10, G11, H12, V21, T23, H33, H39, K42,
K59, Q60, V61, S72, K82, H91, G99, V101, T103, E105, H106, D110, T111, and 1117. Also, rates were too fast to measure for E77 at pH 8.7 and
9.7.° Residues classified as “global” exchangers (see also Figure 1) which form the slow exchange core are shown in bold type. These residues
were chosen on the basis of the slowest average exchange rate, the strongest dependence of exchange on denaturant concentration, and the stronge
temperature dependence for exchange rates (R. S. Houliston, L. M. R. Singh, and E. M. Meiering, unpublished data). Average exchange rates for
the global exchangers and standard deviations for the averages are Slb@ments of structure in the protein are numbered from the N- to
C-terminus withp-strands designated b, turns designated by T, and loops or unstructured regions designated?firror estimates fokops
obtained from the fitting program are typically5—10%. ¢ AGe, values were calculated using eq¥alues fork,, andk. were obtained by fitting
kobs Values for pH 7.89.7 to eq 2. Numbers in parentheses represent the error estimates corresponding to the maximum estimated rate constants.
Note that, although hisactophilin stability is somewhat higher at pH 8.7 than at pH 7.8 and 9.7, very similar valyesdk, are obtained when
the pH 8.7 data are excluded, and the trends in fitted values (Figure 6) are unchfaa@dwas calculated from-RT In(kop/ke)). " nd means not
determined. Data for 1116 could not be fit using eq 2.

(Table 1). Thus, on the basis of optical probes, hisactophilin increasing denaturant concentratioh6, 38, 39). The most
is predominantly folded at the urea concentrations used for common method for confirming that EX2 is maintained at
exchange rate measurements. all denaturant concentrations is to compkyig at different
Representative plots of ldgys versus urea concentration pHs. This is problematic for hisactophilin because protein
are shown in Figure 7. Again, the rank order of exchange stability andk,, andky change significantly below pH 7.8
rates is generally maintained for different urea concentrations, (Table 1), while EX1 becomes significant at higher pHs
and trends in the urea dependence of exchange are correlate(Figure 6B). An alternative approach to evaluating the
with the absolute exchange rate. For the most slowly mechanism is to compare experimerktalvalues for amides
exchanging amides, ldgpshas a strong, linear dependence that exchange via global unfolding with expecteglvalues
on urea concentration from 0 to 2.0 M urea and a weaker based on optically monitored measurements of global protein
urea dependence from 2.0 to 3.0 M urea (Figure 7A), while stability and unfolding as a function of denaturant concentra-
for the most rapidly exchanging amides, kegshas a much  tion (38). In the EX2 limit, koss Values for global amides
weaker, roughly linear, urea dependence over the entire rangewill follow the equilibrium constant for global unfolding (eq
of urea concentrations (Figure 7B). The change in urea 7), while in the EX1 limit,kys values will follow the rate of
dependence of exchange with increasing urea concentratiorglobal unfolding (eq 9).
for the slow amides suggests a change in the exchange Applying this approach to hisactophilin and using the
mechanism. A switch from EX2 toward EX1 has been parameters in Table 1, a plot of ldg,s versus denaturant
observed for other proteins when they are destabilized by concentration for global amides (Figure 7A) should have an
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FicURe 4: Representative pH dependencégffor amide protons

in hisactophilin. The pH profiles are very different for (A) slowly
exchanging amides and (B) rapidly exchanging amides. For clarity,
lines are drawn connecting data points for each residue.

0.5 1 1.5 2 2.5 3 3.5
-1
log kcI (s)

FIGURE 6: (A) Correlation of rates for structural opening)(and

o closing @) with observed exchange rate for amides in hisactophilin.
Log kops is the average value for the pH #8.7 data used to
determinekyp andky. Solid lines represent linear fits of the data by
31 . nonlinear least-squares regressikg.andky are both correlated
. . . ) with kops (R = 0.99 and 0.65, respectively). (B) Comparison of the
e ——— predicted intrinsic exchange rate with the structural closing rate at
R pH 7.8 ©) and 9.7 @). A line is drawn where lodgn = log kg to
al s - ' L am indicate where the exchange mechanism changes from primarily
CY B . EX2 (points below the line) to primarily EX1 (points above the

. . . . . line). EX2 is the dominant mechanism of exchange at pH 7.8, while
7 . EX1 is the dominant mechanism at pH 9.7.

|09 kohs {3.1)

8 T 2.51t0 3.0 M urea, the slope 180.36, close to the predicted
0 10 20 3 40 S0 60 70 80 90 100 110 120 EX1 value. Also, below 2.0 M urea\Gey is close toAG,,
Residue Number consistent with predominantly EX2 exchange. In 3.0 M urea,
FiGURE5: Amide exchange rates in hisactophilin at pH 5.9 (empty 109 konsis predicted to be approximately4.00 s for 100%
symbols) and pH 8.7 (filled symbols) vs residue number. Data for EX1, and (using an average value lgf; for the slowest
slow, intermediate, and fast exchanging amides are represented a%xchangers)—Z.lS s1for 100% EX2, i.e., much faster for

blue circles, green triangles, and red squares, respectively. Black .
bars indicates-barrel strands, and gray bars indicgtéairpin EX2. The average experimental Idgys for the slowest

strands. At pH 5.9, where hisactophilin is relatively unstable, there €xchangers in 3.0 M urea is approximatel.17 s, close
is a small spread in they,svalues. Lines are drawn at two standard to the predicted EX1 value. The slightly lower valuekgfs
deviations above_ _ar]d below the mean r_ate at this pH. At pH 8.7_, Compared tKyns may be due in part to a difference in the
n’lgekie r:/'zﬁjcetgph'"” Is very stable, there is a much larger spread in e yherature used in amide exchange measurements and in
bs ' kinetic unfolding measurements (17.4 and 200) respec-
average slope of~1.6 for 0-2.0 M urea under EX2 tively) and due to extrapolation errors flg:. Thus, when
conditions, and an average slope~99.40 for 2.5-3.0 M both the pH and urea data are considered, the mechanism of
urea under EX1 conditions. For the slowest exchanging exchange for the slowest exchanging amides in hisactophilin
amides, the experimental slope in Figure 7A from 0 to 2.0 at pH 7.8 is predominantly EX2 at low urea concentrations
M urea is~1.4, close to the predicted EX2 value, while from and approaches the EX1 limit by 3.0 M urea. The rather
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Table 3: kos Vs Urea Concentration amiGS, AGZ, andme'® for Backbone Amide Protons in Hisactophilin

op? op !
C(qg1
structure 10g koo’ () AGd AGE rglobd

residué elemem OMurea 0.5Murea 1.0Murea 1.5Murea 2.0Murea 2.5Murea 3.0 M uiezal motl) (kcal moll) (kcal mortM~1)
R4 pl —4.34 —4.26 —4.21 —4.03 —-3.97 —3.88 —-3.71 8.3 0.8 8.3+ 0.7 0.39+£ 0.26
A5 sl —6.03 —5.94 —5.43 —5.07 —4.55 —4.28 —-4.17 10.1+0.2 10.7£0.3 1.39+ 0.19
F6 Sl —6.10 —6.01 —5.48 —5.12 —4.53 —4.27 —4.10 9.6+ 0.2 10.3£0.3 1.50+ 0.20
K7 pl —6.02 —5.89 —5.44 —5.02 —4.54 —4.25 —-4.17 9.8+0.1 10.4£0.2 0.38+0.13
S8 T1/2 —5.98 —5.76 —5.30 —4.94 —4.48 —4.27 —4.14 10.6£0.2 10.6+0.2 1.21+ 0.09
L14 p2 —6.27 —6.15 —5.65 —5.26 —4.59 —4.32 —4.14 9.4+ 0.1 10.3£0.3 1.62+ 0.17
S15 £2 —5.47 —5.48 —5.20 —4.88 —4.43 —4.20 —4.09 9.2+0.1 10.5£0.3 1.40+0.17
Al6 p2 —4.28 —4.28 —4.17 —3.95 —3.82 —3.73 —3.59 7.8£0.2 8.8+ 0.6 0.80+ 0.31
F34 A3 —5.85 —5.55 —5.34 —5.02 —4.54 —4.25 —4.06 9.5+ 0.3 9.8+ 0.3 1.11+0.18
H35 A3 —5.46 —5.45 —5.28 —5.01 —4.52 —4.26 —4.09 8.9+ 0.1 10.9t0.2 1.58+0.11
E37 p3 —4.40 —4.36 —4.39 —4.20 —4.11 —4.00 —-3.75 6.6+ 0.1 84+1.2 0.93+ 0.59
V43 £5 —6.25 —6.19 —5.87 —5.41 —4.66 —4.32 —4.18 9.2+ 0.1 11.0+£0.2 1.96+ 0.13
Ad4 B5 —7.31 —6.84 —5.92 —5.41 —4.63 —4.31 —4.22 11.8+09 11.4+0.3 1.91+ 0.20
L45 B5 —7.37 —6.90 —5.93 —5.48 —4.65 —4.32 —4.18 11.4+1.2 10.9+0.3 1.92+0.23
K46 £5 —7.02 —6.55 —5.68 —5.25 —4.55 —4.27 —4.10 11.74£2.1 10.7£0.3 1.70+ 0.20
S54 6 —7.08 —6.49 —5.75 —5.28 —4.58 —4.28 —-4.15 nd 11.2+0.2 1.64+ 0.29
Y62 p7 —7.23 —6.66 —6.07 —5.51 —4.66 —4.32 —4.13 111+ 0.5 11.0£0.2 1.81+0.15
L73 L7/8 —5.49 —5.41 —5.36 —5.07 —4.58 —4.28 —4.13 8.5£0.1 10.9£0.3 1.73+ 0.15
F74 £8 —7.34 —6.89 —6.28 —5.62 —4.73 —4.36 —4.19 10.9£ 0.2 11.4+0.2 2.03+0.12
E77 A8 —3.62 —3.62 —3.51 —3.39 —3.36 —3.32 —3.20 5.8+ 0.7 6.0+ 1.0 0.36+ 0.37
V83 A9 —5.29 —5.23 —-5.21 —4.97 —4.54 —4.26 —4.15 7.8+£0.1 10.5£0.3 1.75+ 0.17
S84 £9 —5.97 —5.80 —5.47 —=5.11 —4.56 —4.31 —4.17 10.0£0.1 10.8£0.2 1.39+ 0.10
185 B9 —6.91 —6.48 —5.75 —5.27 —4.57 —4.28 —4.16 10.8£ 0.5 10.5£0.2 1.68+ 0.13
K86 A9 —7.02 —6.43 —=5.79 —5.31 —4.60 —4.34 —4.22 12.8+8.7 10.6£0.2 1.59+ 0.10
Y92 p10 —6.51 —6.29 —5.68 —5.26 —4.59 —4.36 —4.06 10.4£0.2 10.8£0.3 1.61+ 0.16
193 p10 —7.28 —6.69 —6.03 —5.51 —4.70 —4.33 —4.15 11.2+-0.8 10.5£0.2 1.76+ 0.13
S94 p10 —6.87 —6.47 —5.69 —5.25 —4.61 —4.27 —4.17 117410 11.1+0.3 1.61+ 0.17
A95 $10 —5.51 —5.52 —5.32 —4.97 —4.52 —4.25 —4.09 9.4+ 0.1 11.1£0.2 1.52+ 0.12
D96 T10/11 —4.73 —4.72 —4.63 —4.43 —4.18 —4.06 —3.89 7.5£0.1 9.1+ 0.2 1.10+£ 0.11
H100 T10/11 —6.09 —6.02 —5.72 —5.32 —4.61 —4.30 —4.10 99+0.1 11.6+£0.3 1.84+ 0.15
S102 pi11 —5.29 —5.21 —5.09 —4.79 —4.42 —4.23 —4.12 9.0+ 0.0 10.4+0.1 1.27+ 0.06
K104 pi11 —5.51 —5.31 —5.08 —4.83 —4.42 —4.20 —4.10 9.4+ 0.2 9.8+ 0.2 0.99+ 0.13
T112 L11/12 —3.78 —3.82 —3.64 —3.50 —-3.41 —3.40 —3.27 7.0£04 7.7£0.9 0.60+ 0.40
F113 p12 —7.19 —6.59 —5.92 —5.45 —4.64 —4.32 —4.16 122418 11.2+0.2 1.70+£ 0.15
E114  pi12 —7.15 —6.47 —6.12 —5.54 —4.76 —4.31 —4.20 113t 1.7 10.6£04 1.59+ 0.24
1116 p12 —6.06 —6.01 —5.03 —5.86 —5.08 —4.51 —4.35 nd 7.9+ 0.7 nd

1118 L12 —4.44 —4.50 —4.54 —4.38 —4.40 —4.41 —4.33 nd 3.9 0.1 nd

a Residues classified as global exchangers (see also Figure 1) which form the slow exchange core are shown in bold type. These residues were
chosen on the basis of the slowest average exchange rate, the strongest dependence of exchange on denaturant concentration, and the stronge:
temperature dependence for exchange rates (R. S. Houliston, L. M. R. Singh, and E. M. Meiering, unpublishEldatahts of structure in the
protein are numbered from the N- to C-terminus whtstrands designated Igl turns designated by T, and loops or unstructured regions designated
by L. ¢ Exchange rates were measured at pH 7.8 and Q. 4£rror estimates foko,s from the fitting program are typically-5—10%. Duplicate
measurements dns for 0 M urea gave rates that generally agreed within error estimates of the fitting profvaiues forAGfpc, AGg';’b, and
me'°b were obtained by calculatinggGex for kops Values from 00 2 M urea using eq 5, and then fittingGex VS urea concentration to eq 6, with
AGgs and AGS® equal to—RT In K¢ and —RT In K3s", respectively. Error estimates for the fitted parameters are from the fitting program.
Parameters that could not be fit using eq 6 are marked nd. For 1116 and 1118, valv@s,changed very little with urea concentration, and could

not be fit using eq 6; values foﬂ&Gg'rj’b for these residues represent the average valueGaf for 0—2 M urea.

abrupt change in slope for these amides~& M urea global unfolding. Them¥'°° values are somewhat lower for
suggests that balo2 M urea exchange is dominated by EX2. the amide exchange experiments, probably due to some
Similar abrupt changes from EX2 to EX1 exchange have occurrence of EX1.

also been seen for other proteir@8,(40). Since the more Apart from the slowest exchangers, amides with similar
rapidly exchanging amides tend more toward EX2 than the 565 0fAGZ® and me® are not spatially close together
slower exchanging amides in hisactophilin (Figure 6) and \yithin elements of secondary or tertiary structure; i.e., there
other proteins (see rei2 and41 and the Discussion), we  js hq clear convergence to common subglobal unfolding
have analyzed the data for-@.0 M urea for all amides in  j5oiharms for groups of amides localized in different parts
hlsactophllm using EX2-based stru_ctural unfolding modgls. of the hisactophilin structure, and hence, partially folded
Analysis of Exchange Rates Using Structural Unfolding j,iermediates in which sections of structure are cooperatively
Models Exchange data for-62.0 M urea are well fit by 9 gisrypted are not clearly apparent. It is possible that some
6 for a two-process structural I‘j{‘fOId'”g model (Figure 8). qccyrrence of EX1 may limit the observation of equilibrium
Values of AG3”, mP", and AGgy from the fits are sum-  jntermediates for hisactophilin, as was the case for the protein
marized in Table 3. There is a large spread in fitted values y5rnase 39, 40). The occurrence of EX1 should not,
for different amides, withAGJs®, AGy, andm#® tending  however, fully obscure convergence to subglobal isotherms
to be largest for amides with the small&gi; values. Values in hisactophilin because (1) the switch from EX2 to EX1
of AGg',;’b and mP for the slowest exchanging amides appears to be quite abrupt (Figure 7) [also for other proteins
(Table 3) are similar taAG_ and m¥'°® values measured by (38, 40)], and so effects of EX1 should be limited below
urea denaturation (Table 1), as expected for exchange viathe switch point; (2) EX1 exchange is most pronounced for
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FIGURE 7: Representative urea dependence of amide exchange rates 10F ]
in hisactophilin. (A) Slowly exchanging amides (black symbols) = [
exhibit a strong, essentially linear dependence of exchange rates ¢E> e ]
from 0 to~2 M urea, and a weaker urea dependence above 2 M =
urea. (B) Rapidly exchanging amides (white symbols) exhibit a E
weak, linear dependence of exchange rates over the entire range =
of urea concentrations. For clarity, lines are drawn connecting data 05
points for each residue. <
the slowest exchangers, while more rapidly exchanging
amides are more likely to undergo EX2 exchange (Figure
L 1 1

6); and (3) the spread ik for all the amides analyzed is
small (~15-fold), and hence differences kg should not
mask common trends in exchange behavior. [urea] (M)

It has been proposed recently that exchange data in uregrgyre 8: Representative urea dependence of the apparent Gibbs
can be interpreted in terms of exchange from a continuum free energy of opening for amides in hisactophilin for (A) slowly
of states with varying amounts of structure, rather than from exchanging amides, (B) intermediate exchanging amides, and (C)
discrete partially folded intermediate2( 43). This proposal rapidly exchanging amides. Lines represent the fits of the data to

is based on the observation that in some proteins there is & th\]Ilgb-pl’OCGSSbbStl’UCtUrm. opening model (eq 6). ValueAGfy,
continuous distribution 0AGZ?° values which are strongly ~ “Gop » @ndmPe> for the fits are summarized in Table 3.

correlated withm@'®® values. For hisactophilin, there is also ; A —
: glob lob (Fi in the folded protein to the closest solvent point in Figure
a strong correlation betweeNG,,~ and mf®> (Figure 9). 14 For hisactophilin, there is a weak correlatiorkgg with
The existence of this correlation is an addmgnal indication distance to solvent, as has been observed for other proteins
thangXl doelsb not have a large effect on fitted values of (9, 14, 32). All of the relatively rapidly exchanging amides
AG,,” and ™, in hisactophilin are close to the protein surface; however,
DISCUSSION sl_owly exchanging amides have a much Wider_ range of
distances to solvent. Many of the slowest exchanging amides
Correlation of Exchange Rates with Protein Structure are situated in the second trefoil unit (e.g., A44, L45, K46,
gain insight into the nature of structural fluctuations occurring S54, Y62, and F74 in strands-8); however, some slow
for different amides, trends ikys values with respect to the  exchangers are also found in the first trefoil (e.g., L14 in
structure of hisactophilin were investigated. Average values strand 2) and in the third trefoil (e.g., 185, K86, 193, S94,
of kopsare plotted versus the distance from the amide proton F113, and G114 in strands 9, 10, and 12). The slow
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12 proteins that adopt the OB fold, amides in nonconserved

structural elements tend to exhibit faster exchange rates

] whereas amides in the conserved, cengrglortion of the

structure exchange most slowly and form a conserved “slow

. exchange core4b). For different superfamilies that adopt

a flavodoxin-like fold, the “stable nucleus” of slowly

] exchanging amides may be conserved between cutidése (

and CheY 47), but it is different in flavodoxin 48). It is

] interesting that the location of very slow exchangers appears

to be conserved in the OB affdtrefoil folds, which have a

7 E ] single conserved hydrophobic core formed fygtructure,

but it is apparently not maintained in the flavodoxin fold,

6 o ] which contains varioust-helices and has more than one

L L L L hydrophobic core. These results suggest that the positions

0.5 1 1.5 2 of the slowest exchangers may tend to be more highly
m¥®  (kcal mol' M) conserved ing-structures containing a single hydrophobic

core.
FiIGURE 9: Correlation ofAGg';b andme'°® values in hisactophilin. : .
Values of AGZ"” and m#> (Table 3) obtained from fitting Rate Constants of Opening and Closigdepth analyses

exchange data to a two-process structural opening model (eq 6)0]c kOF? and ky values have now been r.epor_ted for f_our
exhibit a strong correlationR = 0.90) when the data are fitto a Proteins: lysozyme32), turkey ovomucoid third domain
straight line by nonlinear least-squares regression. (OMTKY3) (17, 41), acyl coenzyme A binding protein
(ACBP) (49), and hisactophilin. It is of interest to examine
trends ink,p, andky among these proteins. In all four proteins,
decreasingpsis clearly correlated with decreasikg; i.e.,
o the slowest exchanging amides have the slowest opening
rates, and hence, global opening or unfolding tends to be
much slower than local unfolding. Rates of global unfolding
measured by amide exchange are in good agreement with
rates measured by optical or saturation transfer methods
(Tables 1 and 219 and references therein). Thus, amide
exchange measurements seem to give reliable valulesg, of
and clear trends iRop can be identified.

Trends inky, however, are considerably less clear than
trends inkop. In all four proteins, amides with the smallest
values ofkg, tend also to have the smallest valueskgf

1

-
o

(kcal mof')
©

p
©

glob
AG0

log kob:"e s

8 1 2 3 ; 5 ’ 5 indicating that global closing is slower than local closing.

This trend is not very strong, though, for lysozyme, and for
OMTKY3, the trend is reversed when considering only
FiGURE 10: Average exchange rate vs the distance from the amide re|atively rapidly exchanging amide€%). Rates for the

NH distance to solvent (A)

proton to solvent in the solution structure of hisactophilin. kgg ; ; ; ; ;
is the average value for data from pH 6.8 to 8.7. Distances were relatively rapidly exchanging amides are considerably faster

determined using the solution structure of hisactophilin [PDB entry than rates for the other amides under consideration here, and
1hcd @)], and a Connolly surface generated using the program rates for the rapid exchangers were determined using
Insightll (MSI). There is a weak correlation between the average quenched-flow exchange experiments; all other rates were
exchange rate and the distance to the solvent when the data are fijetermined by measuring spectra as a function of time after
to a straight line by nonlinear least-squares regres$ton 0.42). dissolution of protein in BO. The two types of experiments
exchangers are concentrated near the interface @Fbearel may therefore tend to be sensitive to different processes in
and S-hairpin triplet portions of the structure (Figure 1), proteins. Values ok tend to be smallest for the slowest
which we therefore consider to be the “slow exchange core” exchanging amides in hisactophilin (Table 2 and Figure 6)
of hisactophilin. and OMTKY3 (17, 41), but for ACBP, lysozyme, and the
Comparisons of amide exchange behavior for proteins faster exchanging group of amides in OMTKY3, there is a
from different superfamilies with the same fold may reveal weak tendency fok to be larger for the slowest exchanging
trends in local and global stability and provide insight into amides. There is no apparent correlation between values of
how diverse primary sequences can adopt the same overalkg or k., and global protein stability. For example, although
structure. Amide exchange rates have been reported for on€OMTKY3 is more stable 17) than ACBP 49), it also has
otherg-trefoil protein, IL-18 (44). As for hisactophilin, the much higher values for botk,, andkg. In general, correla-
slowest exchanging amides in Il &re distributed through-  tions of ky, and ks with stability are not expected because
out the primary sequence, and are concentrated in the secondates are not necessarily correlated with equilibrium popula-
trefoil and at the3-barrel-$-hairpin triplet interface. Thus,  tions (L0, 20).
the overall exchange behavior and slow exchange core seem As pointed out above (see the Results), there may be
to be conserved between these tyetrefoil proteins. difficulties in determining accurate valueslefand, hence,
Comparisons of exchange behavior among other proteins inin identifying trends ink,, due to possible inaccuracies in
different fold families have yielded varying results. For ky. Values ofky for global folding measured by amide
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exchange and other methods (Tables 1 andl®;and Identification of Intermediates by Amide Exchanyative
references therein) agree withinl0-fold, suggesting that  state amide exchange measurements have now been con-
kit in the globally open state can be predicted quite accuratelyducted for various proteins with different folds and folding
using values ofk; determined for model peptide1). pathways (for reviews, see refd), 11, and 20). These
However, non-hydrogen-bonded surface amides in the nativemeasurements identified equilibrium intermediates in which
protein may exchange up to 3 orders of magnitude more some elements of secondary structure were cooperatively
slowly than predicted on the basis of model peptidel ( disrupted for some proteins [e.g., cytochromgb4), ribo-

50); hence, errors itk for locally exchanging amides may nuclease HgJ), barstar $6), apocytochromése; (57), and

be larger than for globally exchanging amides. For hisacto- T4 lysozyme 42)] but not for others [e.g., peptostreptococcal
philin, values ofk,, are significantly correlated withngiob, protein L @37), chymotrypsin inhibitor 2 %8), and the

AGglst’ andAG'(pr (R = 0.76, 0.75, and 0.87, respectively) relative_ly Iarge,_ _pr_edominantlﬁ-protein, ﬁ-lacto_globulin_
(59)]. Hisactophilin is another example of a protein for which

while values ofky are much less correlated with these | At _
partially unfolded equilibrium intermediates are not apparent

parametersK = 0.47, 0.32, and 0.27, respectively). The ! ) ;
lower correlation coefficients fdt; may be related to some I native state exchange experiments. Although there may
be some limitations in the detection of intermediates for

t unidentified ty of hisactophilin, or th be o
as ye: unidentiiied propetty o1 isactopniin, or ey may be hisactophilin due to the occurrence of EX1, the lack of clear

caused by inaccuracies k. Further studies are required t amid h data t <oth
to rationalize the values obtained fqrin different proteins. convergence of amide exchange data to common 1Sotherms
suggests that this protein does not form equilibrium inter-

Exchange MechanisnExperiments on many different  nadiates as readily as some other proteins.

proteins have revealed that generally EX2 is the dominant  \yhen the results obtained for different proteins to date
exchange mechanism for backbone amides in proteins, excepye considered, it appears that partially unfolded intermediates
under extreme or destabilizing conditions such as high pH may be detected most readily for proteins that are relatively
or high temperaturel@, 51). Recently, however, there have  |arge and stable, with significanthelical structure involved
been a number of studies reporting EX1 exchange for thejn the formation of more than one hydrophobic core.
slowest EXChanging amides in prOteinS under relatively mild Unfo|d|ng of any particu|ar helix may disrupt one core but
solution conditions, i.e., at moderate temperatures and pHsleave other cores intact, giving rise to relatively stable
where proteins are quite stable (reviewed inl@f In some  partially folded intermediates. Hisactophilin, on the other
cases, a contribution of EX1 to exchange for these amideshand, contains a single, large hydrophobic core formed by
can result in “overprotection”; i.eAGex > AG, (52, 53). many long-range interactions between bulky, hydrophobic
Overprotection can also be caused by other factors, howeveryesidues in 12 differeng-strands (Figure 1). Since all of
such as proline isomerization, exchange from a high-energythe g-strands in hisactophilin are involved in forming the
open state, and overestimationlqf (10). core, there may be little scope for the cooperative disruption
of subglobal units of structure, and hence, exchange com-

For hisactophilin, overprotection for the slowest exchang- 1Y g
petent states may be limited to local nhoncooperative pertur-

ers is apparent at pH 9.7 and 5.9, but not at pH-89. ; , X lobal unfoldi
Hisactophilin contains no prolines; hence, these do not affect Pations in structure and cooperative global unfolding.

the exchange analysis. Some of the other factors listed above For some prote_ins,lequiliprium interm(_adiates h‘fﬂve astrong
could in principle be significant; however, the exchange data resemblance to kinetic folding intermediates, while for other

for hisactophilin in the absence of denaturant can be ggoteoinst., thlis isd not obze:jv;:‘ld (reNv,\i/(IaI;ved in .rets—t12.a3q t
explained largely in terms of predominantly EX2 exchange th).t pdlca targlllq.uenc Iet'- ow diti exﬁ.e”nlensl.mf'ca €
at pH 6.8-8.7, with significant contributions of EX1 at pH at under stabiizing solution conditions hisactophiiin forms
97 and 5.9 F H 6:88.7 AG® ~ AG.. for the sl i a kinetic folding intermediate (Figure 2), in which strands

: r‘?n e TotrJIp 1 : d 2 duSN e’{_ orl fe S O‘f{\_'es d4—8 fold first while strands +3 and 10-12 form last 22).
exchangers (Ta €s 1 and 2 and supporting Informa ion) an Intermediates are not very prominent in equilibrium or kinetic
ket and kg > kit (Figure 6B), consistent with exchange

. . experiments on hisactophilin, making in-depth structural
malnly. via E_X2: ,At pH 9.7, the much larger \_/alues m comparisons difficult. On the whole, though, there is a weak
result in a significant level of EX1 for all amides (Figure

o . = A tendency for amides that exchange most slowly in the native
6B). Similarly, EX1 behavior was found to be significant at  giate to be protected earliest during folding. Quenched-flow
pH 10 for all amides in OMTKY341). In general, EX2 is NMR and mass spectrometry experimen®,(61) and
favored at lower pHs wheri, values are lower; however,  fo|ding simulations §2) on IL-13 have shown that folding
below pH 6.8, hisactophilin stability decreases markedly and of this protein also involves formation of an intermediate,
refolding becomes very slow (Table 1). Consequently, EX1 which has a topology similar to that of the hisactophilin
also appears to become significant at pH 5.9. The apparentlyintermediate, but which is much more prominent during
higher degree of overprotection at pH 5.9 compared to thatfo|ding. The amides protected in the Il3lintermediate

at pH 9.7 may be caused in part by small differences in jnclude many of the amides that exchange most slowly in
solution pH for denaturation curves and amide exchangethe native statel(l, 44, 60). Given the prominence of the
measurements, since stability is extremely sensitive to kinetic intermediate for IL-, it would be interesting to see
solution pH near 5.9 (Table B). The occurrence of EX1  if equilibrium intermediates would also be more apparent
exchange for hisactophilin in the absence of denaturant atfor this protein than for hisactophilin. Kinetic intermediates
both high and low pHs emphasizes that EX2 behavior should have also been detected for basic and acidic human fibroblast
not be assumed a priori for all amides in a given protein, growth factors in optical studies68, 64). For the acidic
even under solution conditions where the native state is quitegrowth factor, quenched-flow NMR experiments identified
stable. a quite different intermediate in which strands 1 and 12 are
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folded first 63). Further experiments are in progress in our
lab to analyze the stability and nature of the kinetic folding
intermediate for hisactophilin and the nature of structural
fluctuations at equilibrium under different solution condi-
tions. These experiments will provide further insights into
formation of intermediates h§-trefoil proteins, and the role
of specific interactions in differential stabilization of inter-
mediates.
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