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Abstract: Bacillus subtilis ribonuclease P protein (P protein) is predominantly unfolded (D) at physiological
pH and low ionic strength; however, small molecule anionic ligands (e.g., sulfate) directly bind to and stabilize
the folded state (NL,). Because the D + 2L <> NL; transition is experimentally two-state, high-energy states
such as the singly bound, folded species (NL) and the unliganded folded species (N) are generally difficult
to detect at equilibrium. To study the conformational properties of these ensembles, NMR-detected amide
hydrogen exchange (HX) rates of P protein were measured at four sulfate (i.e., ligand) concentrations, a
method we denote “ligation-state hydrogen exchange”. The ligand concentration dependence of the HX
rate of 47 residues was fit to a model with four possible HX pathways, corresponding to the local and/or
global opening reactions from NL, and NL, the local opening of N, and the global opening of N to D. Data
analysis permits the calculation of the residue-specific free energy of opening from each ensemble as well
as the fractional amide HX flux through each pathway. Results indicate that the predominant route of HX
is through the NL and N states, which represent only 0.45% and 0.0005% of the total protein population
in 20 mM sodium sulfate, respectively. Despite the low population of N, a region of protected amides was
identified. Therefore, exchange through unliganded forms must be accounted for prior to the interpretation
of HX-based protein-interaction studies. We offer a simple test to determine if HX occurs through the liganded
or unliganded form.

Introduction leading to exchangeAGux) for some amides is equivalent to

At equilibrium, proteins are best characterized as structural € global stability 4Gy) of the protein. Therefore, HX
ensembles composed of very large numbers of conformations. €XPeriments can probe rare opening transitions such as global
Conformations that contain both small-scale deviations (e.g., Unfolding under native conditions.
bond vibrations) and large amplitude excursions (e.g., global ~ This sensitivity of HX to poorly populated states represents
unfolding transitions) from the average structure exist within @ potential pitfall in the interpretation of HX-based protein
the protein ensemble. Although not well represented within the binding studies. As pointed out recently for ribonuclease S and
native ensemble, high-energy conformations may play critical the c-Src SH3 domaiiy many of the slowly exchanging amides
roles in protein function. One role for high-energy conformations Observed in proteinligand complexes do so through the
is allosteric and/or ligand-based protein activafiohln such ~ dissociated form of the protein, not the complex. Thus, HX
cases, the average unliganded protein conformation may notPatterns can be very misleading predictors of the location of
resemble the active or ligand-bound conformation. However, Protein-ligand interfaces if such amides are included in the
small populations of active conformations can often be sufficient analysis. Fortunately, as described here, these amides can be
to confer requisite ensemble-averaged activities. These high-distinguished from those that exchange through the liganded
energy states can be difficult to detect under equilibrium Protein complex by their unique ligand concentration depen-
conditions by most methods. However, amide hydrogen ex- dence.
change (HX) is a technique that can probe poorly populated Bacillus subtilisribonuclease P protein (P protein) is the
state$7 Indeed, the free energy of the conformational change protein subunit of the ribozyme RNase P, an essential enzyme
required for the processing of precursor t-RMAL2 P protein
'is predominantly unfolded when purified to homogeneity at
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physiological pH and low ionic strengtA Therefore, P protein
is classified as an intrinsically unstructured protéittHowever,
high-resolution structures of bacterial P protein have been

solved, and P protein has been shown to adopt a compact, nearl

spherical mixedy/ conformationt®-18 Therefore, the favored

P protein conformational ensemble is solution dependent, and

the unfolded state can be induced to fold into the mix&@
structure upon the addition of small anionic ligands such as
sulfate’® Moreover, ligand-induced P protein folding is an

buffer (for urea denaturation experiments followed by far-UV CD).
The protein stocks were placed in a 3Z water bath for 15 min to
dissolve the protein, followed by centrifugation at 15 000 rpm for 5

)?nin to pellet undissolved protein. The Edelhoch methétivas used
(o}

guantify P protein concentration. All of the NMR samples initially
contained +1.5 mM N P protein, 10 NaCac (pH 6), 0.02% (w/v)
sodium azide, 2@g/mL TMSP, 90% HO/10% DO, and a specific
sulfate concentration. All of the far-UV CD samples initially contained
5 uM (unlabeled) P protein, 10 mM sodium cacodylate (pH* 6), 0.02%
(w/v) sodium azide in deuterated 99%) buffer, and a specific sulfate

apparently two-state process indicating that other states alongconcentration. The four sulfate concentrations were 20 mM, 50 mM,

the coupled folding/binding pathway have higher energies than
the two end state’s. One such state is the unliganded, folded
state of P protein. This high-energy ensemble is a poorly
populated collection of conformations that lack favorable folding

100 mM, and 200 mM.

Circular Dichroism (CD) Spectroscopy.Far-UV CD measurements
were carried out on an Aviv model 202 CD spectrophotometer equipped
with a stirred thermoelectric cell holder. Urea titrations of P protein

enthalpy to compensate for the large entropy loss that opposegvere performed at 25C, and samples were allowed to equilibrate

protein folding!® As a potential precursor to the assembly of

the ribonucleoprotein complex that constitutes RNase P ho-
loenzyme, the conformational and energetic properties of this
state are of intrinsic biological interest. In this study we carried
out amide HX experiments at various sodium sulfate (i.e.,
ligand) concentrations, a method we propose to call ligation-
state hydrogen exchange by analogy to the powerful native-
state hydrogen exchange meti#8dVe use ligation-state HX

to study the intermediates in the P protein coupled folding and

for 10—15 min prior to titration. The CD signal at 222 nm was
monitored at increasing urea concentration using a mixing time of 1
min, a signal averaging time of 30 s, and a bandwidth setto 1 nm. The
urea concentration was determined by refractive irfdend the raw
CD signal was converted to mean residue ellipticit®]¢z2). The
resulting urea titration curves were fit to a two-state unfolding model
assuming a linear free energy dependence on molar urea concentra-
tion.2324

Hydrogen Exchange (HX) Experiments Followed by NMR
Spectroscopy.The HX experiments were carried out at 25 on a

binding reaction. Furthermore, we analyze the ligand concentra-Varian INOVA 600 MHz spectrometer using a triple resonance probe
tion dependence of the exchange rate to discern regions ofequipped with a z-field gradient co®N/*H HSQC resonance assign-

protection within each intermediate.

Materials and Methods

Sample Preparation. Recombinant®N-labeled P protein’fN—P
protein) was overexpressedHn coli (DE3) pLysS cells in M9 minimal
media containing®NH.CI (1 g/L) as the sole nitrogen source. Protein
purification was carried out as described previoddlyhe purity of
15N P protein was validated by SDS-PAGE, analytical HPLC, and

ments from P protein refolded in 20 mM p&0, (Henkels, Chamberlin,
Venters, and Oas, in preparation) were transferred to the spectra in
these experiments. THeN and'H chemical shift assignments are given

in Table S1 of the Supporting Information. (No significant changes
were observed in the HSQC spectra at different sulfate concentrations
or in deuterated solutions.) The spectral windows were set to 10 000
and 850 Hz for théH-dimension and th&N-dimension, respectively.

The smaller spectral window in the indirect dimension aliased 14
backbone amide cross-peaks as well as a number of unassigned side

electrospray mass spectroscopic analyses. Sodium cacodylate (NaCachain resonances. However, aliased spectra had no resonance overlap.

and deuterium chloride (D, 99.5%, 37% w/w) were from Sigma
Chemical (St. Louis, MO); sodium azide was from Fisher Scientific
(Fair Lawn, NJ); sodium sulfate was from EM Science (Gibbstown,
NJ). Deuterated chemicals,O (D, 99.9%), sodium deuterioxide (D,
99.5%, 30% w/w), and TMSKE; were from Cambridge Isotope
Laboratories (Andover, MA). Ultrapure urea was from Nacalai Tesque

(Kyoto, Japan). Deuterated urea was prepared by repeated dis-

solving in DO followed by freeze-drying. All buffers contained 10
mM NaCac at either pH 6 for hydrated solutions or pH* 6 (uncorrected

HSQC spectra were recorded with 204874 complex points, and a
1.5 s recycle delay was used for each spectrum. Four HSQCs with
differing signal-to-noise ratios were collected prior to each HX reaction;
2, 4, 8, or 16 transients were used per increment itfelimension.
The corresponding data collection times wer4.25 min,~8.5 min,
~16.5 min, or~33 min per HSQC.

Prior to the HX reaction, Sephadex G-25 resin (Amersham Bio-
sciences, Uppsala, Sweden) was poured into an unpacked PD-10 column
(2 cm x 1.5 cm). The sizing column was equilibrated with deuterated

pH meter reading) for deuterated solutions. Furthermore, hydrated Of yuffer containing 10 mM NaCac (pH* 6), 0.02% sodium azide, and

deuterated acid and base were used accordingly to maintain the propeg,o specific NaSQ, concentration. HX was initiated (

pH or pH*.
To prepare P protein stocks, the dry protein was dissolved in either
a protiated buffer (for HX experiments followed by NMR) or deuterated
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time set to 0 min)
when the pre-exchange NMR sample was loaded onto the column. A
750uL aliquot of the hydrated sample was loaded onto the deuterated
column, followed by an 80@L column wash and a subsequent 900
uL elution with deuterated buffer. The exchanged sample was
transferred back into an NMR tube and placed into the spectrometer,
and the magnet was shimmed as quickly as possible prior to collecting
the first HSQC spectrum. Approximately 6 min elapsed between the
initiation of the HX reaction and the collection of the first spectrum.
HSQC spectra were collected in succession over various time scales
ranging from 12 h (20 mM N&Oy) to 2 days (200 mM Ng5Oy). The
shortest HSQC sampling rate was used for the first 20 spectra in
all four HX reactions. Subsequent collection times were varied based
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on the apparent observed peak intensity decay. Overall, 38, 59, 119,the pseudo-first-order rate constant defining the exchange reaction from
and 121 HSQCs were collected for the HX reactions containing 20 the open state. In the so-called EX2 liiffithe closing rate constant is
mM, 50 mM, 100 mM, and 200 mM N&O, respectively. much faster than the intrinsic exchange rate constantkiyes kin.

All spectra were processed using NMRP#élhe *H-dimension Under these conditions, the observed pseudo-first-order rate constant
was zero-filled to 4096 points, while theN-dimension was zero-filled describing the exchange of a particular amilgg can be related to
to 148 points. Both dimensions were apodized with shifted sine-bell the equilibrium constant of the opening reaction and the intrinsic rate
functions and Fourier transformed, and the amide proton region was constant:
extracted for a final 20484d) x 148 (°N) matrix. Proper resonance
phases were validated by nmrDréwCross-peak intensities were ok o Ky o Kin
calculated and tabulated with nmrViéd. Kobs = ky + kop“im 14+ Kop“i”‘ - P_FI @

To determine the rate constant of the HX reaction, the peak intensity
for each cross-peak was initially normalized by the intensity of the whereK,, is the equilibrium constant for the opening reaction il
corresponding pre-exchange cross-peak. The decay rate of the normalis the corresponding protection factor for residuevhich is equal to
ized peak intensity ratid(t), was fit to the following two-parameter knt/kops The free energy change for the opening reactidBux is

single-exponential equation: obtained fromKop:
— ;~Kobd
=10 +0) @ A6 =RTInK,, = RTI(5) = -RT[ 2| @
i int
1(0) is the peak intensity ratio at zero timessis the HX rate constant, kas_ 1
andC is a fixed constant corresponding to tredative peak intensity
ratio at infinite time. Typicallyi(«), the peak intensity ratio at infinite Under EX2 conditions, HX experiments provide thermodynamic

time, is allowed to float and not constrained (0). However, we chose  jnformation on the opening reactions that lead to exchange. If the
to fix I(w) relative tol(0) to avoid negativé(«) values, which could  gpening/closing reactions are assumed to correspond to conformational
yield inaccuratekops values. However, we initially fit a small number  equilibria, then HX experiments can render information about poorly

of decay curves containing significant time-independent exchanged popylated conformations within the native state enserfI 3
baselines to the standard three-parameter single-exponential equation

to estimatd (). The averag€ value C = I()/I(0)) was determined Results

for each sulfate reaction and corresponds to the fractibhalontent Ligation-State Hydrogen Exchange of P ProteinTo initiate
in the exchanged sample solution. The fixedonstants were 0.057, '

0.0582, 0.0523, and 0.0556 for the exchange reactions containing 20the H_X_reacuon’ IQD-eql_Jlllbrated .P p.rOteln was rapidly applle_d
mM, 50 mM, 100 mM, and 200 mM NSQ,, respectively. to a sizing column equmbrated_ with identical _buffers ma(_je with
Analysis of HX Data. HX is a chemical reaction that requires solvent D20, @nd the sample was subjected to a series of 10 min HSQC
acid (HsO* ion) or base (OH ion) to be in direct H-bonding contact ~ NMR spectra. Approximately 55 backbone resonances of the
with an exchanging amide hydrogen. Therefore, information about the possible 115 were observed in the first spectrum. However,
structure of the native state ensemble can be inferred from differencesreliable exchange data could be extracted for 47 of these slow-
betweenksps and ki, the predicted HX intrinsic rate constant for the  exchanging, nonoverlapping resonances. As an example, Figure
random-coil conformatioh®*°Theki values for P protein were derived 1 shows the effect of sulfate concentration on the HX kinetics
from the model peptide studies of Bai efalhek,psvalues are slower of T35 (3-strand 2). The decay rates for the normalized peak
thanki, by several orders of magnitude for a subset of amides in a ;ansity ratios are well described by eq 1. The slight devia-
folded protein. The diminution in the relative exchange rate is caused tion at long time may be due to limited aggregation at higher

by th f protein struct hich protect ides f Ivent. . ;
y the presence of protein structure, which protects amides irom solven /sulfate concentrations, perhaps due to salting-out effécts.

or burial in the protein cor? Thus, some sort of conformational O many residues, the observed exchange rate is strongly
change is needed to facilitate HX at these sitésAccordingly, the dependent on sulfate concentration. For instancekshgfor

amide HX reaction can be modeled by Schenfé 1. T35 decreases from 0.0393 minto 0.00113 min! as sulfate
increases from 20 mM N8O, to 200 mM NaSOs. This
Scheme 1. Two-Step Model for Amide Hydrogen—Deuterium corresponds to a nonlinear 35-fold increase in the protection
Exchange Reaction factor (Figure 1, inset). The HX rates for the 47 resonances at
NH,, iiNHop %NDOP all four ligand concentrations are listed in Table S2 (Supporting
< Information).

NH¢ and NH,, represent the exchange-incompetent and the exchange- The assumption that HX occurs under at least partially EX2

competent states. Npis the exchanged amide; the second step is conditions is supported by the obse_rvatlon that every resonance
effectively irreversible as the reaction is essentially in pug® Drhe has an accelerated exchange rate in a control HX reaction at an

constantsky, and ky are the first-order rate constants defining the —€levated pH* of 6.7 (data not shown). Additionally, stopped-
opening reaction and the closing reaction, respectively, whilds flow kinetics studies of a fluorescently labeled variant of P
protein reveal an apparent rate constagd,= ky + ki) of ~10

(25) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA. —1 i i
Blomol. NMR100 6 (3). 27703 s ' at 20 mM sulfate and faster at higher sulfate concentrations

(26) Johnson, B. AMethods Mol. Biol 2004 278 313-52. (Y. Chang and T. G. Oas, in preparation). This rate constant is

(27) Bai, v.i Milne, J. S.; Mayne, L.; Englander, S. \Rtoteins1993 17 (1), an order of magnitude faster than the fastgstfor P protein.

(28) Milne, J. S.; Mayne, L.; Roder, H.; Wand, A. J.; Englander, SPvétein Thus, we assert that the EX2 limit applies to all of the collected
Sci. 1998 7 (3), 739-45. data

(29) Tuchsen, E.; Woodward, Q. Mol. Biol. 1985 185 (2), 405-19. '

(30) Englander, S. W.; Kallenbach, N. R. Re. Biophys.1983 16 (4), 521~
655. (33) Li, R.; Woodward, CProtein Sci.1999 8 (8), 1571-90.

(31) Woodward, C.; Simon, I.; Tuchsen, Hol. Cell Biochem1982 48 (3), (34) Bai, Y.; Sosnick, T. R.; Mayne, L.; Englander, S. Btiencel995 269
135-60. (5221), 192-7.

(32) Huvidt, A.; Nielsen, S. OAdv. Protein Chem1966 21, 287—386. (35) Baldwin, R. L.Biophys. J.1996 71 (4), 2056-63.
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Figure 1. Effect of excess ligand on the observed HX rdgs of T35.

The HX kinetics of T35 §-strand 2) for P protein refolded in 20 mN®},

50 mM (&), 100 MM @), and 200 mM &) Na&SQO, are shown. The lines
through the exchange data represent the fits of the HX curves to a single-
exponential equation (eq 1). The resulting sulfate dependence of the
protection factorPFss = kinkobs for T35 is in the inset.

Figure 2 shows the apparent free energy change for the
opening reaction of each the 47 observed residugS,x

dependencef AGyx is not uniform over the protein sequence
(e.g., compare R29 and Y113). The lack of a uniform ligand
dependence okyps suggests a plurality of opening pathways in
the HX reaction (see below). Furthermore, there are a number
of amides that appear to exchange “globally” based on the
similarity of AGpx andAG,. However, as demonstrated below,
we find that most of the HX occurs through opening reactions
from the poorly populated singly liganded state (NL) or the free,
folded state (N) anchot from a global unfolding mechanism
(D).

Fitting the Ligand Dependence of HX Rates to a Model
with Four Exchange Pathways.The addition of sulfate greatly
increases the protection of amides in P protein. This is not due
to a significant increase in ligand binding to P protein (i.e.pNL
The overall population of Nirises from 99.96% to 99.998%
over the sulfate concentration range used in this study. Note
that these estimates were calculated assuming a two-state model
for urea denaturation; specifically, that Nand D are thenly
observable populations in the transition. However, the ligand
concentration may affect the small population of the species
that represents the primary route of HX. Since HX experiments
are sensitive to these small populations, increased protection
reflects the changes in these minute equilibrium populations.
For example, there is a 7-fold reduction in the D population
(0.04% to 0.006%) as the ligand concentration increases from
20 mM to 200 mM sulfate. This change would cause a
significant reduction in the HX ratéf exchange occurred
primarily through D, because there would be less of this
particular exchange-competent species at higher ligand concen-

calculated using eq 3. Several interesting qualitative observationstration®9%37:38 Thus, kops decreases as the population of the

are apparent in Figure 2. (1) Most of the protected amides resideprimary exchanging species is reduced; in other words, the
in the secondary structure of P protein, with the distinct ligand must dissociate in order for the dominant HX mechanism
exception ofa-helix 1. In fact, V26 f-strand 1) is the first ~ to occur.

residue for which data are available. This is surprising because The lack of a uniform ligand dependencekgfs from residue

in the X-ray crystal structure most of the backbone amides in to residue (Figure 2) indicates that more than one HX route
a-helix 1 have intramolecular H-bonds and are buried from exists for P protein in the presence of ligand. To properly
solvent. However, the lack of protection suggests théielix account for the exchange through all of the possible routes, we
1, along with many of the loops, have exchange-competent have analyzed our results following the approach of Chakshus-
conformations under native conditioffs(2) The protected mathi et aB and Wildes and Marquséeln both of these
residues do not correspond to the putative sulfate binding sites.studies, the analysis assumed two possible pathways for HX,
The crystal structure dB. subtilisP protein revealed a sulfate  one route from the bound state (NL) and one route from the
coordinated by residues in the N-terminal region (H3 and R9) free state (N). By analogy, we have developed an HX reac-
anda-helix 2 (R68)!® Chemical-shift mapping of P proteinin  tion scheme (Scheme 2) that includes pathways through the
the presence of various small molecule ligands also implicates doubly liganded, singly liganded, and unliganded forms of P

this region as an anion-binding site (Henkels, Chamberlin,
Venters and Oas, in preparation). However, the N-terminal
region readily exchanges with solvent min). Thus, the

protein.

As depicted in Scheme 2, HX of P protein in the presence of
a ligand can occur through any one of six pathways involving

presence of sulfate does not appear to protect the backbongye \arious liganded states of folded (N) and unfolded P protein

amides around its binding site. (3) The apparent global stability
of P protein is ligand dependent. The overall protein stability,
AG,, increases from 4.% 0.1 kcal/mol to 6.3+ 0.2 kcal/mol

over the observed sulfate range. Moreover, the global stabilities

predicted from the thermodynamic parameters derived from CD
thermal denaturation surface analy3isgree within error with
the AG, measured in this study by CD-detected urea denatur-

ation. (4) The observed exchange rate constants decrease wit

increasing sulfate for every site that displays protection, reflected
as an increase iNGpx at higher sulfate. However, tHgand

(36) Ferreon, J. C.; Volk, D. E.; Luxon, B. A.; Gorenstein, D. G.; Hilser, V. J.
Biochemistry2003 42 (19), 5582-91.

(D). This scheme depicts global unfolding equilibria (to the left)
to yield the open states D, DL, and band the corresponding
equilibrium constants:Kgn, Ky, and K3y Scheme 2 also
depicts the interconversion of open and closed forms of N, NL,
and NL; via local opening reactions (to the right), as described
by residue-specific opening equilibrium constankg!,;, Kiy,

and K{E,Lf. It is important to recognize that these three equilib-

rium constants differ for each residue because a locally open

(37) Paterson, Y.; Englander, S. W.; Roder Sdiencel99Q 249(4970), 755
9

(38) Mayne, L.; Paterson, Y.; Cerasoli, D.; Englander, SBitichemistryl992
31 (44), 10678-85.
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Figure 2. Effect of excess sulfate on HX rate for P protein. g for the 47 protected backbone amides were determined at four sulfate concentrations
(Table S2). The ligand concentrations are (A) 20 mM, (B) 50 mM, (C) 100 mM, and (D) 200 mi@@4aThe resulting HX data were converted to the
apparent free energy of openilGux, using eq 3 AGux values are shown as black bars. The black horizontal line is the global protein statityof

P protein determined by urea titration followed by far-UV CD. The secondary structure derived fr@ndiatiliscrystal structur®® is shown schematically
above plots C and D.

Scheme 2. Model for P Protein HX Coupled to Folding and
Binding
D N
N
ZH-DOP int Dop Kelb NCI KIL'[.[ Nop kim 2H-N0p
L
K™ NL
L NL
2H-DL0p int DLOp KQII) NLCI KIL'[.i NLOp int 2H-NL0p
14
Ky~ NL,
2L NL,
2H-DLZp int DLZp glb NLZ[ lel,i NLZP int 2H-NL;p

state (NP, NL°P, or NL3") is a different ensemble of confor-

are assumed to be equivalent and independent. This simplifying
assumption is supported by our previous studies of sulfate-
induced folding of P protei®®1° The protection factor for the
backbone amide hydrogen of residydF, is the inverse of

the fraction of conformations in which that amide is open or
competent for exchange. Equation 4 giwg in terms of the
concentrations of the open and closed forms of the nine states
shown in Scheme 2.

PF, =
[NLSP] - [NL°P] + [N + [DLY"] + [DL° + [D°] + [NLS] + [NL®] + [N
[NLSP -+ [NL°P] + [N°"| + [DLY] + [DL®F + [D°P|

(4)

Under the assumption that the kinetics describing the opening

mations for each residue. Note that the two sulfate binding sites and binding reactions are fast relativekiq, the concentrations
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in eq 4 can be expressed in terms of the equilibrium constants Table 1. AGop from the NL2, NL, and N States of P Protein

in Scheme 2. Expressing each concentration in terms OZ'INL amino AGE AG, AGy
and then eliminating [Ng.] gives eq 5. acid (kcal/mol) (kcal/mal) (kcal/mol)
V26 -0.1+0.2 —3.4+0.7
PE. — N28 6.2+ 2.4 1.2+ 0.6 —21+1.6
i , , R29 7.2+ 4.2 25+1.9 -2140.6
K K 2Ky K Q30 5.0+ 0.3 1.4+ 0.7 -21+15
2L NL L NLy_d N d d d
Kgb T Kiai + 2(Kgp + Kig; ] + (Kgp + chl,i)L_2 +1+ o + LT F31 1.5+ 0.7 —2.4+07
[t [L] V32 16+ 0.6 ~2.540.4
s AL . . Ka v Ké L33 1.7+£04 —2.6£0.2
Kgip + Kieif + 2(Kgp, + Kig i + (Kgip + Kigd—— Y34 6.3+ 0.6 22407 —21+03
L] T35 1.3+ 0.4 -2.7403
L36 5.5+ 0.7 1.2+ 0.6 -214+18
14+ Ka)? E43 4.3+0.1 0.1+ 0.1 —21+1.2
L] G47 1.4+ 0.3 -314+03
=1+ " 7 ) S49 5.7+ 0.6 0.7+0.1 -32+0.3
2L NL L Ny R N\ Rd 154 3.1+0.1 -0.5+0.2 —2142.0
Kglb + chl,i2 + 2(Kglb + chl,i m + (Kglb + chl,i)[L_]z R60 4.4+ 0.4 1.2+ 0.1 —344+03
N61 5.0+ 0.2 —22412
R62 45+0.1 0.8+ 0.5 -214+6.9
The factor of 2 in front oKy/[L] terms accounts for the use of :?634 i-gi 8-2 —g-ii 8-%
. . . . . o — . . —9. .
thﬂe microscopic blqdlqg co.nstant, WhI.Ch assurkgs= .Kd = R65 16406 574103
K5 for the o and g binding sites. Equation 5 can be simplified L66 1.6+1.0 —3.3£0.2
by eliminating the first term because experimentally measurable ~ Q69 19+0.9 —23+06
ion f h h M in th AT70 1.9+0.9 —2.6+0.4
protection act_ors are muc greater than one. Moreover, in the 71 1Totr11 30102
present experiments the ligand concentration is several orders E73 3.2+ 0.1 —4.1+0.2
of magnitude larger than the intrinsky for sulfate, which E74 3.3+0.1 01+01 —21£1.2
kes th tor of th d tesf Th iolifvi K75 4.4+0.2 0.6+ 0.3 —21+27
makes the numerator of the second terth These simp |fy|ng R77 4101 10L01 53103
approximations are equivalent to assuming that the ratio of  L78 1.0+ 0.4 —2.6+0.7
closed to open stateBF) is the inverse of the sum of the open K79 L3+17 ~34+05
lati Kind th imolificati . q kel 0.9+ 0.4 —2.7+0.7
state popu f_mons. Mal ing these simpli |cat|qns in eq 5, an D82 11+04 57405
expressing it as the reciprocal PH, gives a simple second- Y83 14407 —2.9+0.4
order polynomial in 1/[L]: 184 1.4+£0.9 ~3.1+03
185 1.04+0.8 —34404
186 1.0+0.8 -3.7+02
K A87 1.1+0.7 —2.9+0.5
1 (K2 + KN2) + 2(KS, + KN )—2 + R88 47+05 0.94+0.1 ~3.2+0.3
PF glb Icl,i glb lcl,i [L]
i T99 0.7+ 0.3 —2.6+0.9
K 2 K100 11+05 —2.1+1.6
Ny d K101 1.1+ 0.6 -274+08
(K + Kigii L2 ®6) S102 16£0.9 ~21+13
Q104 0.9+ 0.8 -29+08
L106 0.9+ 0.6 -21430
Thus, a double reciprocal plot of RF; vs Ky/[L] displays ;11%; ggi 8-2 —g-‘z‘ri %
ligation-state HX as a parabola whose shape can be fit to obtain 773 3.84 0.1 01402 51150

the coefficients of each term in eq 6. Note that this analysis
can yield only the aggregate opening equilibrium constants

representing both local and global opening reactions: vs K¢/[L] transformation of the data is
2
2L _ 2L NL 1 _ 2 L Ky Ka
Kop - Kglb + chl,i2 P_F| - Kopi + ZKODJE + (chl,i + 35.5)[L] 2 (8)
KS = K&y, + KN 7
op— Thglb T el (7) The intrinsic microscopic dissociation constant for sulfée,
Kop = Kgip T KI’:‘j : has been previously determined to be42 uM at 25°C from

CD thermal dezrlaturfition surface analysSighe resulting best-
It is not possible to separate the local and global unfolding gtre\:/?ilstlzz ficr)lr'ilfglrl))jl,erjéﬁg(:;/(sirgélcgtr;vz:teecsjr:g\t/(v)nfriieF?gnuerregg.
equilibrium constants for a given bound species from ligand Figure 3 depicts three classes of amides based oK fie]
concentration dependence alone, although studies that alsqyependence of B, Characteristic of the first class, Y113 and
included denaturant or osmolyte dependence would in prin- £43 haye a statistically significagtintercept, which represents
ciple allow the local and global contributions to be separated. the infinite ligand concentration limit. A nonzenpintercept

For example, the unfolding equilibrium constant of the unli- jndicates the presence of HX through the fully liganded state,
ganded form of N Kqp) has been previously estimated to be NL,. Of the 47 residues, 17 have some portion of their HX
35.5 at 25°C,2 which allows the value oK{y; to be estimated.  through NLy. The lack of curvature in the Y113 and E43 curves
After substitution of this value foKq, and eq 7 into eq 6, indicates that the remainder of the HX is through NL. 163 and
the equation used for nonlinear least-squares fitting of tRE1/ 184 are representative amides for the second class of HX
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e Fu (L) = K35, PR(L]) (9)
0.006- L Ky
] Fa(LD) = 2KopijFi([L]) (10)
0.005 K2
] Fa(LD = chl,i[L_]ZPFi([L]) (11)
0.004
Lo : )/ Kd2
% ] Fo([L]) =35.5—PF([L]) (12)
0.0031 [L]
0.002_: . Figure 4 displays the fractional flux through each of the HX
] pathways in Scheme 2 at 20 mM and 200 mM,81@;. The
] fractional amide HX flux plots for P protein at all four ligand
0.0017] concentrations are shown in Figure S1 (Supporting Information).
] In the presence of 20 mM N&O,, the primary routes of HX
0 : .- , ; are principally through two very poorly populated species, N
0 GUCdR oDl GdS  Bbe  GH0RS (light blue bars) and NL (green bars). Based on the previously
K /Mlig] determined thermodynamic paramet®rthe population of N

) 6 . ) .
Figure 3. Representative double reciprocal plots of the ligand dependence 5 5.0x 107, Wh'le_ the p0pl_J|_at'0n of the NL is O'_0045 at this
of HX. The best-fitkyps values are converted to PFand plotted against ~ sulfate concentration. Additionally, several residues have a
Kd/[lig]. Data for Y113 (grayv), E43 (blacka), 163 (green®), 184 (red substantial portion (i.ez20%) of their HX through the globally

H), and R29 (blue®) are shown with the corresponding best-fit lines to eq unfolded D state, which has a population of K804
8 with the constraintkZ5;, Ks,;, Kiai > 0. The intrinsic dissociation hould b ’ d that f id h ' hich
constant for sulfatek, was fixed to 45M.19 It should be noted that for residues such as R29, whic

exchange primarily through N in 20 mM B8Oy, the possibility
behavior. The lack of a significan-intercept in Figure 3 that the exchange mechanism has some EX1 character is high.

suggests that these residues do not exchange from NL Kinetic studies indicate that the folding ratéq) for the
Therefore, the principal routes of HX for these residues are unliganded protein is-1 s* (Chang and Oas, in preparation),
through NL and N. The populations of these states are small atWhich is comparable to typica values. Under these condi-

the saturating ligand concentrations studied here. As a result,ions, the observed rate constant for NHex is likely to be lower
the observed protection factors for these residues are high.than that under pure EX2 conditions, which would overestimate

tAGop and thereby the flux through D instead of local opening
from N. However, the total flux through the unliganded forms
dof the protein (sum of the blue bars in Figure 4) would be the

Another distinguishing characteristic of this class is the apparen
curvature shown in Figure 3. This curvature is due to a 2/[L]

dependence caused by significant HX through the unligande
N state, which suggests that local fluctuations in this high energy same.

intermediate state of P protein provide the preferable exchanged The _fra|<|:t|or?eﬂ flux th_rougll_h thde four pathways changes
route in the free state. R29 is an example of the last class of ramatically with increasing ligand concentration. In 200 mM

amides. Like 163 and 184, R29 is highly protected from exchange mi‘zso‘é tEe primary rouées zf E'X are throu?h tlhe bloutrr:q states,
in the NL, state, but it also is protected in the NL state. Unlike i r?g h Lé (greeTa?end l\:eand?igst’ rejgﬁc ::/eg(/t)'mn@ IS gase,
163 and 184, R29 shows low curvature in the double reciprocal 9o "33 eﬁpopu . 0 suieh an exte

- . - and 1.8x 1075, respectively) that exchange from the two bound
plot in Figure 3. In fact, the best-fit value foK; + 35.5) is : :

. S o states becomes predominant. Ligand can clearly modulate HX

approximately 35.5, indicating that there is little or no exchange athwavs even when the ligand concentration is sianificantl
at this residue through local opening of unliganded N. In other b Y g 9 y

. . . . higher than the intrinsic dissociation constant. In the present
words, R29 is well protected in the high energy unliganded N case, the ligand concentration is&orders of magnitude higher

state, and HX occurs only via global unfolding to the D state. than the 45uM K for sulfate at 25°C. Therefore,kops is

To determine the route by which a given amide exchanges, extremely sensitive to ligand concentration even when the
it is only necessary to compute its flux through the available pinding sites are saturated and the population of the bound state
opening pathways. The flux of reaction is calculated by vastly exceeds that of any other component of the sample.
multiplying the population of the reactant times the forward

rate constant. Becausg; is assumed to be the same for all

open states and independent of ligand concentration, the Caution Is Required When Interpreting Alterations in HX
fractional flux of HX through a given pathway is equivalentto  Rate in the Presence and Absence of LiganddX detected
the fractional population of the corresponding open state, relative by NMR spectroscopy is a commonly employed technique to
to all open states. The right side of eq 8 gives the sum of all map protein interaction sit€%:47 In this technique Kobs is
open state populations. Thus, the fractional population of a
i i i Vi 39) Werner, M. H.; Wemmer, D. El. Mol. Biol. 1992 225 (3), 873-89.

particular op_en state is the popula’uo_n of that state dlylded by 5403 Boniamin B G willams. By G Smithecil é.)J.; G s,
1/PF. Equations 9-12 describe the ligand concentration de-

)

)

Discussion

Biochemistry1992 31 (40), 9539-45.

H (41) Orban, J.; Alexander, P.; Bryan, Biochemistryl994 33 (19), 5702-10.
pendent fractional flux through the four HX pathways labeled (42} Vi, Q. Erman, J. E.- Satterlee, J. Biochemistry1994 33 (40). 12032

NL,, NL, N, and D in Scheme 2. 41.
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(A)1 20 mM Na,SO, (B) 200 mM Na,SO,
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Figure 4. Fractional amide HX flux plots for P protein refolded in 20 mMJS& (A) and 200 mM NaSOy (B). The four colors correspond to the four

specific HX pathways highlighted in Scheme 2. Dark blue bars represent HX through the global unfolding pathway D; light blue bars represent exchange
through the local unfolding reaction from the unliganded N state. Green and red bars reflect global and/or local opening reactions from thensiedly lig
state, NL, and the doubly liganded state, Ntespectively. The fractional HX flux through MLNL, N, and D were calculated using egs 9 through 12.

measuredin the presence and the absence of ligand under nativienaccessible. Third, there is not a significant increase in the
conditions. It is assumed that amides at, or near, the proteinoverall population of the doubly liganded (or bound) state;NL
interaction surface would experience a reduction in the apparentin the current experiments. The fraction of Nkises from

HX rate upon binding the ligand. Ligand binding could result 99.95% to 99.995% over the range from 20 mM to 200 mM
in the formation of new hydrogen bonds between the protein Na,SQ,. (Note that these estimates were calculated assuming
and the ligand or simply bury the amide groups from sol- four species, Nk, NL, N, and D, are present under the
vent#4344However, reduced HX rates generally occur at sites experimental conditions.) Fourth, the slow-exchanging amides
proximate toanddistant from known interaction surfac&s:>4/ do not map to the region of the known sulfate-binding site. The
Accordingly, the reduction ilkpsfor these distant sites has been protected amides principally map to sites on the ceptstieet
interpreted as evidence for ligand-induced conformational ando-helices 2 and 3. These regions constitute the “back” face
changes and/or the presence of intramolecular crosstalk patterngf p protein; the secondary structural elements that stabilize
within the protein. However, an alternative interpretation exists the protein core are located on this faéén contrast, the sulfate

to explain a reduction ikoss upon ligand binding. Specifically,  pinding regions are located on the opposite face of the central
ligand alters the population of the states that give rise to f%-sheet and on the sheet’s ed§eifth, no significant changes
exchange, whether or not these states include bound ligands. ligre gpserved in the HSQC NMR spectrum at the different sulfate
HX occurs primarily through the free state, the addition of ligand  ¢oncentrations (data not shown). The implicit assumption is that
decreases the HX rate because the concentration of the fre€y, induced conformational change would alter the chemical shift
species is reduced. Thus, there may be no correlation betweenyyironment of specific amides in a concerted, ligand-dependent

the protein interaction regions or ligand-induced conformational \,anner. Thus sulfate-dependencégt cannot be interpreted
changes andk,s®° We find this alternative interpretation to by the traditional explanations.

most accurately describe the observed HX patterns for most . "
HX experiments are very sensitive to poorly populated

observable residues of P protein. 6.20 .

In P protein, the conclusion that HX patterns do not reveal ;tates‘% “In t.he cur.rent studies, the poorly populated states
protein—sulfate interfaces is consistent with several observations. mcludebltheNsmgI)(; tllhga;lded d ensteml:()]:e (NL),thhe Dfre:a foldegl
First, sulfate is a small ligand occupying a solvent accessible ensemble (N), and the free denatured ensemble (D). Increasing

surface area of-100 A28 which is insignificant compared to sulfate _concentration from 20 mM to 200 mM decreases the
the ~6800 A of solvent accessible surface area in folded P population of NL by a factor of 10 and the populations of N

protein. Second, sulfate binds to the side-chain functionalities @1d D by a factor of 100. If the primary pathway of HX is
at the protein surface, while protected amides are solventrough any of these states, thiss is expected to decrease.
This expectation is met by many residues in P protein whose

(43) g\/illlialrgg,filjz.s(;.,4Jr.é§6e_n7jgmin, D. C.; Poljak, R. J.; Rule, G.JSMol. HX is principally through N and NL in 20 mM sulfate and
101. y . H H :

(44) Williams, D. c.(, Br.; Rule, G. S.: Poljak, R. J.; Benjamin, D.JCMol. through NL in 200 mM sulfate. Thus, the reductiorkigsupon

45 \B/\i/OI' 19?:7,_ 2P70 (|5), 751746_2-,\‘, holson. L. K. Mol. Biol. 2001 313 (4 further ligand binding does not reflect any structural changes

(45) Wang, C.; Pawley, N. H. Nicholson, L. K. Mol. Biol. 2001, 313 (4), within the protein-ligand complex per se but rather the effect

(46) Massiah, M. A.; Saraswat, V.; Azurmendi, H. F.; Mildvan, A. S. f licand on the m xchanae-com n lations. Thi
Biochemistry2003 42 (34). 10146-54. of ligand on the most exchange-competent populations S

(47) Emerson, S. D.; Palermo, R; Liu, C. M.; Tilley, J. W.; Chen, L.; Danho, phenomenon was observed by Chakshusmathi et al. who
\{\ékxag'ff—nz’zv' S.; Greeley, D. N.; Ju, G.; Fry, D. Protein Sci.2003 attributed the large difference in HX rate between RNase A
(48) Marcus, Y .Biophys. Chem1994 51 (2—3), 111-127. and RNase S to the presence of small populations of the
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dissociated fragments that compose RNase S, S peptide, and $ol) to unfavorable opening reactions from the doubly liganded
protein® This conclusion is in stark contrast to an earlier state Nl (averageAGep ~ +4.7 kcal/mol).

interpretation that the internal dynamics of the two ribonucleases  Another unique aspect of this experiment is the ability to
are dramatically different despite their structural and enzymatic extract information about the fractional HX flux through the
similarity.*® Wildes and Marqusee find the ligand dependence various pathways. The HX pathway with the lowest free energy
of HX to be predominantly dependent upon the concentration should dominate the fractional flux of exchange. Using our
of free protein even under conditions that favor the bound c-Src model, we find the equilibrium constant for opening from the
SH3 domain-peptide compleR.Furthermore, the sites that do  unbound statep, to be several orders of magnitude greater
exchange through the bound state do not correlate with regionsthan that for the bound statdsgp and Kgb (Table 1). Interest-
that undergo other known ligand-induced changes for this ingly, AG,, from D and N are negative. Thus, it may seem that
complex#>50Therefore, the ligand-dependencekgfs may not HX should occur through these favorable opening pathways.
reflect direct or indirect structural changes due to the pretein  However, when the presence of ligand strongly favors the bound
ligand interaction. Rather, this experiment may reflect the fact states, a significant portion of HX occurs through these more
that ligands stabilize proteins and thereby perturb exchangepopulated states; this is particularly true for P protein in 200
pathways. Nevertheless, under appropriate conditions HX canmM NaSQ; (see Figure 4B). Consequently, many amide
be successfully used to identify ligand binding sites or ligand- hydrogens are apparently able to access the high-energy

induced conformational change (see below). fluctuations that lead to exchange from NL or NIAt ligand
Ligation-State HX Is a Powerful Tool To Probe the concentrations closer to th& than studied here (but still well
Structural and Energetic Properties of Poorly Populated above saturation), the predominant exchange mechanism is

States within the Native EnsembleP protein is categorized  through the free states because the population of these states is
as an intrinsically unstructured protein because (1) it lacks the high enough to compete with the much better protected liganded
spectral characteristics of folded proteins when purified to states. The addition of ligand provides a way to specifically
homogeneity and (2) it lacks an unfolding transition at elevated sample high-energy, local unfolding reactions that are not
temperature$® However, P protein refolds to the known significant at low ligand concentration. This ability of ligation-
compact mixedv/3 conformatio”® 8 upon the addition of small  state HX experiments to uncover “masked” high-energy local
anionic ligands such as sulfate. Moreover, only two states, D unfolding reactions has been previously noted.
and NLp, are predominantly populated at any sulfate concentra-  Residue-specific information on the conformational properties
tion, thus coupled folding and binding is a two-state transitfon.  of high-energy intermediate ensembles is another important
Nevertheless, the populations of other states such as NL, N,feature of ligation-state exchange. The structural properties of
and perhaps even DL and blare not zero. Previously, we the N state of P protein are inaccessible by standard spectro-
probed the structural and thermodynamic properties of N through scopic techniques because the equilibrium population of N is
the addition of trimethylamin&l-oxide, TMAO 31 However, at most 5x 10~ under conditions that favor the folded protein.
this technique required the use of molar amounts of osmolyte, Furthermore, D is typically the highest energy state that is
which has significant experimental limitations such as protein sampled under standard native-state HX experinmiéfitsdow-
aggregation, solvent viscosity, and pH effects. Here, we studiedever, using ligation-state HX exchange of some residues in P
the ligand dependence of HX to dissect the structural and protein can be assigned to local fluctuations in the N state (light
energetic characteristics of the poorly populated intermediates.blue bars, Figure 4A). Furthermore, there are portions of P
The principal advantage of this technique is the ability to extract protein that are protected in N, leading to exchange via global
residue specific information on the mechanism of the HX unfolding. Thus, regions of global vs local protection within
reaction. Moreover, this technique detects the regions of highthe N ensemble can be identified. Figure 5 highlights the
stability within the poorly populated ensembles under native residues that preferentially (i.e250%) exchange through the
conditions. global unfolding pathway, D, in the free state. Interestingly,
Three primary HX pathways exist for a given amide in several of the amides map to residues whose side chains are
sulfate-folded P protein (Scheme 2). These pathways correspondnvolved in a hydrophobic cluster between the tight turn linking
to opening reactions from NI NL, and N. Formally, these  -strands 1 and 2 (N28F31) and several residues within
opening reactions can proceed either through various local ora-helix 3 (K100, S102, L106, and R108) (Figure 5). Note there
subglobal opening reactions at a particular amide or, alterna-is no simple relationship between the residues that are partially
tively, through global unfolding to D4, DL, or D, respectively. protected in the N ensemble and the observed exchange rates.
Using Scheme 2, a simple model can be derived to describeThus, the highlighted regions do not correspond to the “slow-
the ligand dependence &fps or protection factors (eq 8). A exchanging coré?® of P protein. Kinetic protein folding experi-
plot of the HX data in a double reciprocal plot, PFversus ments are necessary to determine whether the cluster of
Kd/[L], permits the facile determination of the opening equi- preferentially protected amides in N corresponds to an early
librium constants from the various bound and free sta!é%; folding intermediate, as has been seen for other probéiss.
Kgp, andKq,. Remarkably, ligation-state HX can extract infor-  Indeed, the mechanism of P protein folding has yet to be
mation on equilibrium constants whose free energies differ by determined. However, it would be intriguing if the folding
~7.5 kcal/mol. This range corresponds to favorable opening

reactions from the free state N (averageop ~ —2.7 kcall (51) g?ﬁgm?ggl_ai?n, A. K.; Handel, T. M.; Marqusee,N&at. Struct. Biol.1996
(52) Raschke, T. M.; Marqusee, Nat. Struct. Biol.1997, 4 (4), 298-304.
(49) Dong, A.; Hyslop, R. M.; Pringle, D. LArch Biochem. Biophysl996 (53) Krishna, M. M.; Lin, Y.; Mayne, L.; Englander, S. W. Mol. Biol. 2003
333(1), 275-81. 334(3), 501-13.
(50) Cordier, F.; Wang, C.; Grzesiek, S.; Nicholson, L.XMol. Biol. 200Q (54) Lu, J.; Dahlquist, F. WBiochemistry1992 31 (20), 4749-56.
304 (4), 497-505. (55) Jennings, P. A.; Wright, P. Bciencel993 262 (5135), 892-6.
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the bound complex might have contributed to the observed HX
patterns in the previous studies. The analysis used here suggests
two experimental tests that could be used to validate HX as a
strategy for mapping proteirligand interfaces in the future.
First, for HX to be useful as an interface-mapping method,
exchange must occur through local opening reactions in both
the bound and free states. This can be verified by performing a
native-state HX experiment, which compares exchange rates in
low concentrations~1 M) of urea with those in the absence
of urea. If nonlocal conformational changes such as global or
subglobal unfolding are coupled to the opening reaction, then
the rates will not be the same in the presence and absence of
urea. The second condition that must be satisfied is that
exchange in the ligand-bound protein occurs through the bound
state and not the free state. This can be verified by measuring
HX at two ligand concentrations, both saturating. Ideally the
two ligand concentrations would differ by a factor of at least
Figure 5. Residues protected in the high energy unliganded N ensemble 10. As can be seen from eq 8, only the fully liganded state
TAagEequn;(I)i tﬁ; dPiﬁr%tgg Zry::zl tshtéuzfgriim;ﬂr&sD?ﬁ; Bé;glf(efg:tg | affects the observed exchange rate in a ligand-independent way.
exchezﬁgelgsog‘]%) through thegglobal unfolding pathway (throSgh D) fromy Thus’. if the HX rates o.bserved In an interface mapping
the free state, N. Several residues protected in N localize to the tight tun €XPeriment are constant in the presence and absence of urea
betweeng-strands 1 and 2 and-helix 3. The side chains for N28, Q30, and at two different ligand concentrations, then the exchange
F31, S102, and L106 are shown. Note that the population of N ranges from achanism is dominated by local exchange from the bound
5 x 10°6to 5 x 1078 as sulfate increases from 20 mM to 200 mM,Na . .
SO, complex and it may be reasonable to assume that differences
between free and bound HX rates reflect changes in solvent
nucleus uncovered by-analysi&® has any correlation to these — accessibility in the proteinligand interface or regions of ligand-
protected sites in N. induced conformational chan§eé.

Ligation-state HX permits the characterization of the regions ~ We have shown that ligation-state hydrogen exchange can
that are protected within poorly populated high-energy inter- be used to measure the flux of hydrogen exchange through four
mediates. This method can potentially serve as a probe ofdifferent pathways in the P proteisulfate complex. On this
allosteric systems in which high-energy states correspond tobasis, we propose that ligation-state hydrogen exchange is a
active or inactive conformatiorfs® Additionally, ligation-state powerful method to study the thermodynamic coupling of

HX provides unique experimental information that can be used conformational equilibria to ligand binding in other allosteric
to compare with theoretical models that predict the existence systems.
of poorly populated conformational ensembles.
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