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ABSTRACT. A key paradigm in the biology of adaptation holds that urea affects protein function by increasing
the fluctuations of the native state, while trimethylamiexide (TMAO) affects function in the opposite
direction by decreasing the normal fluctuations of the native ensemble. Using urea and TMAO separately
and together, hydrogen exchange (HX) studies on RNase A at pH* 6.35 were used to investigate the
basic tenets of the urea:TMAO paradigm. TMAO (1 M) alone decreases HX rate constants of a select
number of sites exchanging from the native ensemble, and low urea alone increases the rate constants of
some of the same sites. Addition of TMAO to urea solutions containing RNase A also suppresses HX
rate constants. The data show that urea and TMAO independently or in combination affect the dynamics
of the native ensemble in opposing ways. The results provide evidence in support of the counteraction
aspect of the urea:TMAO paradigm linking structural dynamics with protein function in urea-rich organs
and organisms. RNase A is so resistant to urea denaturation at pH* 6.35 that even in the presence of 4.8
M urea, the native ensemble accounts ¥@9.5% of the protein. An essential test, devised to determine

the HX mechanism of exchangeable protons, shows that over-t4e80M urea concentration range
nearly 80% of all observed sites convert from EX2 to EX1. The slow exchange sites are all EX1; they do
not exhibit global exchange even at urea concentrations (5.8 M) well into the denaturation transition
zone, and their energetically distinct activated complexes leading to exchange gives evidence of residual
structure. Under these experimental conditions, the ugeGyfx as a basis for HX analysis of RNase A

urea denaturation is invalid.

Certain plants, animals, and microorganisms have adaptedpresent in these cases, and are classified as “counteracting
to environmental stresses that bring about changes in waterosmolytes” because of their ability to stabilize proteins
activity within the cells of these organisms)(The mech- against the denaturing effects of urea while also affecting
anism of this adaptation involves the intracellular accumula- protein function in a manner opposite to that of urgalf).
tion of small organic molecules known as organic osmolytes By way of example, urea often affects enzyme function by
(2). In addition to helping alleviate the water stress, many decreasing<.: values and increasini, values (1). By
of the organic osmolytes stabilize proteins and other cellular contrast, counteracting osmolytes such as trimethylamine
components against denaturing stresses that often accompaniy-oxide (TMAO) tend to increase, and decreasé,
the environmental condition. Remarkably, these osmolytesvalues (0). Alone or in combination, urea and TMAO
provide such stabilization without substantively altering the generally have opposite effects on protein function. In urea-
functional properties of the proteins with which they are in rich organisms such as sharks and rays the ratio of urea:
contact 2—4). Some protecting osmolytes have been clas- TMAO is around 2:1 or 3:22). With many (but not all)
sified as “compatible osmolytes” in recognition of their rather enzymes that have been studied, Kgg and K, values in
innocuous effects on macromolecular and cellular function the presence of a 2:1 or 3:2 urea:TMAO are essentially the
(3,5—7). An adaptation that provides protection against water same as thk.,;andK, values observed for the same enzymes
stress and denaturing stresses without altering cellularin the absence of both osmolyteEl( 16, 17) (see review
processes presents a strong selective advantage to thby Yancey (8)). Understanding the molecular basis of
organism in adapting to the new environment. TMAO counteraction of urea effects on enzyme function is

An additional group of protecting organic osmolytes, an important aspect of understanding biological adaptation
classified as “counteracting”, has been identified in organisms and the possible roles of organic osmolytes in kidney.
and organs that accumulate significant intracellular concen- Mashino and Fridovich presented a plausible molecular-
trations of urea&). In the urea-rich elasmobranchs (sharks level explanation to the paradigm of how urea alone might
and rays) and in mammalian organs such as kidney, urea isncrease theK,, of an enzyme, how TMAQO alone would
present at sufficient intracellular concentrations to alter decrease it, and how the correct urea:TMAO ratio could
functional and in some cases structural properties of intra-

cellular proteins §-14). Protecting osmolytes are also 1 Abbreviations: TMAO, trimethylaminé-oxide; RNase A, ribo-
nuclease A; NMR, nuclear magnetic resonance; HX, hydrogen ex-
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Scheme 1 MATERIALS AND METHODS
aebecedee - >D RNase A (E.C. 2.7.7.17, lot 88871) was purchased from
. e / ICN Biomedicals Inc. Ultrapure urea (lot M7B1237) was

obtained from Nacalai Tesque, Inc., Kyoto, Japan, TMAO
(>99%), imidazole £ 99.5%), and glycinamide hydrochlo-
N (mmmmmmmm oo > D ride (>99%) were from Fluka company, and all deuterated
reagents, including D (99.96% D), RBPO, (85%), DCI
result in TMAO counteracting the effects of urel®). They (20%), and NaOD (30%), were from Cambridge Isotope
considered the native state (N) of an enzyme as composed_aboratories, Inc.
of an ensemble of microstates a, b, ¢, d and e, with “a” being Hydrogen exchange of RNase A was conducted in nine
the most compact species and “e” being the least compacturea concentrations in the absence of TMAO, and in six urea
(Scheme 1, with D as the denatured state). For purposes ottoncentrations in the presencé ® M TMAO. All the
illustration, let us assume that the microspecies have ahydrogen exchange experiments were performed &5
gradation of affinities for substrate, with “a” having the and pH* 6.35 (uncorrected pH meter reading). An additional
highest affinity and “e” having the least. It is further assumed experiment in 4.8 M urea was performed at pH* 7.05 for
that in buffer solution alone microstate “c” is the predominant the purpose of conducting the EX2/EX1 test. Urea and
species, and the observed substrate binding constant is aTfMAO concentrations were evaluated by refractometry using
average quantity with a magnitude close to that expectedthe equations:
for species “c” alone. Mashino and Fridovich expected
TMAO and urea to influence the distribution of microstates [urea]= 117.66*An + 29.753*An* + 185.56An°
in defined and opposing manners, with urea shifting the 5
ensemble in the direction of less compact species while [TMAO] = —0.0038+ 103.3151An — 259.43"An
TMAO shifts it toward the more highly compact microstates.
This set of assumptions applied to the above model should
result in an increased enzynkg, in the presence of urea
alone, a decreasd(l, in the presence of TMAO alone, and
a Km in the presence of TMAO plus urea that is similar to
that observed in the absence of both osmolyié}. (Their
model, which we refer to as the urea:TMAO paradigm, also

can explain exceptions tq the functional behavior of urea added to take up the cyanate from the decomposition of urea.
and TMAO as has sometimes been Qbsgr\@j £0). At pH* 6.35, the main reaction of cyanate with RNase A is
It has long been thought that the kinetic parametés,  the carbamoylation of the unprotonated amino gro@d. (
andkea, depend on fluctuations of the native state, but the Tpjg reaction is highly dependent on thi& of the amine.
details of how structural fluctuations are connected With Because of their lowerlf, values, at neutral ptd-amino
protein function are uncleal{, 22). From an experimental  groups react almost 100-fold more rapidly thanesamino
standpoint, what is most attractive about the molecular-level groyps pg). The addition of glycinamide hydrochlorideKp
model as described by the urea:TMAO paradigm is that it — g 1) in high concentration (0.1 M) protects th@mino
postulates the ensemble nature of the native state as the basigoups of Lys residues Ka = 10.5) and the N-terminal
for explaining the origin of observel, effects, thereby  .amino group of the protein from modification by cyanate.
relating structural dynamics to protein function. From what  Typically for a hydrogen exchange experiment, 500 mg
is known concerning the osmophobic effect, it is reasonable o RNase A was dissolved in 10 mL of water, pH was
to expect that TMAO should promote more compact, and adjusted to 6.35, and the protein solution was lyophilized.
urea less compact protein speci@S)( Thus, the model  1¢ initiate hydrogen exchange, the lyophilized protein
provides a prediction that appears to be testable by meangyowder was dissolved in 10 mL of urea or uréal M
of existing experimental techniques. Finally, if the modelis TmAO solution prepared in buffered D, giving a pH* of
correct, the well-documented counteraction of urea effects g 35 after mixing. Volume increase by the addition of RNase
on protein structure and function by TMAQ can be readily a was considered, and a specific volume of 0.70 mL/g was
appreciated. used for RNase A. The reported ureal M TMAO
Here, we explore the effects of urea, TMAO, and urea: concentrations were corrected for volume change. Because
TMAO mixtures on the hydrogendeuterium (H/D) ex- high concentrations of nondeuterated buffered TMAO and/
change kinetics of amide protons of the native state ensembleor urea were used, we avoided their contributions to the
of ribonuclease A (RNase A). Because site-specific amide protein NMR signal by adopting the quench method de-
proton exchange arises from protein structural fluctuations, scribed in Wang et al.20). At given times after dissolving
H/D exchange kinetics opens possibilities for determining RNase A in the osmolyte solutions, aliquots of 0.5 mL were
whether TMAO and/or urea alter the ensemble of microstatestaken from the HX reaction and applied to a Pharmacia
that comprise the native protein. It is known that very high Hitrap desalting column, equilibrated, and eluted with pH*
concentrations of urea are needed to denature RNag4)A (3.0, 50 mM phosphate buffer in,D. In this way, the protein
As detected by hydrogen exchange (HX), the resistance ofwas separated from additives (urea, TMAO, imidazole,
RNase A to urea denaturation permits native state proteinglycinamide hydrochloride) and exchange was quenched by
fluctuations to be studied over a much larger denaturant dropping pH* to 3.0. The separation procedure took only 1
concentration range than previously attempted. ~ 2 min, and the protein concentration was diluted about

whereAn is the refractive index difference between urea or
TMAO solutions and the corresponding@buffers in which
they were prepare®b, 26). For the mixture of urea plus 1
M TMAO solution, urea and TMAO solutions were prepared
separately at  desired concentration and then mixed 1:1,
with pH readjusted after mixing. Imidazole (0.1 M) was used
as buffer, and 0.1 M glycinamide hydrochloride was also
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2-fold as a result of the chromatography. The final protein
concentration for NMR was about~ 2 mM. The quenched
sample was immediately frozen in dry ice/ethanol bath and
kept at—20 °C. Sample solutions were thawed just before
NMR measurement at pH* 3. A critical difference between
the current experiments and those reported previously by this
laboratory is the absence of azide in the current experiments
(29). After the previous studies, we found that azide can
greatly affect the HX rate constants at many amide sites.
Because of this, the EX1/EX2 test described below should
not be applied to the data reported previously.
Two-dimensional COSY NMR was used for measurements
?f exchange_ rate c.onstants. All experiments were run at 3525 °C, in D0 containing 0.1 M imidazole, 0.1 M glycinamide at
C on a Varian Unity Plus 600 MHz spectrometer, and the 51« ¢35 (open circles) and pH* 7.05 (filled circles). Denaturation
NMR data were processed with Varian VNMR software. For was monitored using the extinction coefficient difference at
each COSY, the spectral width was 7200 Hz, and eight scan287 nm.
were collected for each data point. The COSY experiment
took aboti 1 h per sample. Acquisition of 4096 and 256 data Table 1 Thermodynamic Parameters of RNase A Urea-Induced
points in the t2 and t1 time domains occurred, and prior to Ynfolding in Buffered RO at 25°C
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Ficure 1. Urea-induced equilibrium denaturation of RNase A at

Fourier transformation 1D data were zero-filled to 4096 AG{_p m Ci2 AG (4.8 Murea)

points in t1 dimension. Unshifted sine bell window function PH*  kcal/mol ~ kcal/molx M™* M keal/mol

was applied in both dimensions. 6.35 10.66+ 0.40 1.49+ 0.06 7.16 3.52-0.29
10.93£ 0.39 1.45+ 0.05 7.59 3.97% 0.24

The COSY peak assignments were easily made by 7-05
comparison with the literatur&Q, 31). To evaluate the rate . ] ]
constant of each residue, the volume or height of the-NH The unfolding data were fitted to a two-state model using
C—H cross-peak was first normalized to that of the nonex- the method previously developed in this laboratd$)(
changing Tyr25 ring proton cross-peak, then the normalized RESULTS
ratio was fitted to a single-exponential functidr= Aj[exp-

(—kext)] + C, whereC is a constant. To establish the urea concentration range over which the

The effects of various concentrations of urea and/or 1 M native ensemble of RNase A is the dominant species,
TMAO on the intrinsic H/H chemical exchange rate constants equilibrium denaturation measurements were carried out at
of PDLA and the tetrapeptide AGSE were measured on a 25 °C in buffered RO at pH* 6.35 and 7.05, giving the
600 MHz NMR spectrometer at 25C using saturation  results shown in Figure 1. Nonlinear least-squares fitting of
transfer technique3@—34). This method was described these data to the linear extrapolation model yields the
previously @9). A low-power solvent preirradiation time of  denaturation change in Gibbs energy in the limit of zero
3 s was used in all experiments and the total recycle delay denaturant concentration, along withvalues shown in Table
was 9 sT; was measured by the inversierecovery method. 1. It is clear from the denaturation Gibbs energy changes at
The intrinsic chemical exchange rate constaif)(was the pH* values reported in Table 1 that the population of
calculated from the equation: native RNase A is greater than 99.5% in 4.8 M urea. Thus,
we can be assured that by staying within the concentration
range of 6-4.8 M urea, the native state of RNase A will be
the dominant protein species present in evaluating H/D
Here,| represents the normalized NH peak intensity (normal- exchange kinetics.
ized to the methyl peak intensity of AGSE) at the test pH, In the presence of organic osmolytes, H/D exchange rate
andly was the normalized NH peak intensity around pH 3 constants could be affected by a number of factors. In the
where exchange is at its minimum. present study, a basic question is whether the organic

Urea unfolding experiments of RNase A were performed osmolytes affect H/D rate constants of fully solvent-exposed
under the same conditions used for hydrogen exchange (25amide protons. It has long been known that urea diminishes
°C, pH* 6.35 and 7.05, 0.1 M imidazole, and 0.1 M intrinsic rate constants for amide H/D exchan@é, (37),
glycinamide buffer in 99.96% D), following the method  and Figure 2 shows that the intrinsic rate constant for the

Ny= 1/(1+ Kk, T,)

of Yao and Bolen Z4). Deuterated urea was made by
lyophilization in D,O and was further purified by Bio-Rad

mix-bed ion-exchange resin AG501-X8. The unfolding was
monitored by absorbance at 287 nm using an Aviv UV
spectrometer fitted with a pair of matched 1-cm quartz

glycine amide proton of the AGSE tetrapeptide is decreased
by 2—2.5-fold in 4 M urea. These results are consistent with
a 5-fold decrease in HX rate constants of model compound
amide protonsri 8 M urea noted by Loftus et al37).

In contrast to urea, the effect & M TMAO on intrinsic

cuvettes with screw caps. For each data point, an aliquot ofH/D exchange of fully exposed amide protons is found to
solution was removed from the sample cuvette, the samebe negligible or nonexistent (see Figure 2). Furthermore, ki-
volume of 10 M urea stock solution was added with stirring, netic data collected in the combined preserfce i TMAO

and the absorbance was measured. Complete mixing wasand 4 M urea (Figure 2) show that TMAO does not alter the
achieved by magnetic stirring for about 2 min. As indicated H/D exchange rate constant from that causgditM urea

by no further change of absorbance with time, equilibrium alone. H/D exchange kinetics on tetrapeptides of different
denaturation was reached-180 min after addition of urea.  sequences have also been investigated, giving results such
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FiGure 2: Intrinsic HX rate constants of the glycine amide proton
of the tetrapeptide, AGSE as a function of pH*. Performed in 50
mM citric acid buffer (open circles), in buffedel M TMAO (filled
circles), in bufferd 4 M urea (open squares), and in buffered 4 M
urea plus 1 M TMAO (filled squares). Individual linear least-squares
fits of each data set are shown.

as that shown in Figure 2. Accordingly, TMAO is considered
to be unperturbing in its effects on fully solvent-exposed
amide protons either by itself, or in combination with urea.

Qu and Bolen

range of 6.3-7 and 25°C, it is common to assume that
protein H/D exchange occurs by the EX2 mechanism, but
at higher pH*, higher temperature, or if denaturant is present,
it is possible for the mechanism to shift from EX2 to EX1
(40—45).

(6)

Test for EX1 and EX2Vith knowledge that RNase A is
greater than 99.5% native in 4.8 M urea concentrations at
pH* 6.35 and 7.05, a test can be performed in the presence
of 4.8 M urea to determine whether a particular amide proton
exhibits EX1 or EX2 kinetics at this urea concentratid, (
46). As shown in Figure 2, the observed rate constant is
directly proportional to the deuterioxide concentration, so
eq 4 predicts that the rate constant of an amide site
exchanging by EX2 will increase by a factor of 5 in going
from pH* 6.35 to 7.05. By contrast, an amide site exchanging
by EX1 (see eq 3) contains no term that is pH dependent,
so the rate constant will not change as a function of pH*.
These predictions hold so long as the stability of the protein

AGyx = —RTIn K, = RTIn(k,{OD /k,,)

H/D exchange rate data are most commonly discussed ands pH* independent, as is the case here (see Table 1), and

interpreted in terms of the general model (eq 1) for protein
hydrogen exchange3g).

(closed)% (open)ﬁ exchange (1)

Near neutral pH, most native state amide protons are buried
in the protein interior and are often hydrogen bonded. These

amide protons are considered to beai “ closed “ solvent-

inaccessible state and are exchange incompetent. By mean
of some fluctuation(s) or solvent penetration event, an amide

proton in the “closed” state becomes “open” (solvent ex-
posed), at which point exchange may occur by the deuteri-

oxide-dependent reaction with the chemical rate constant,

Keh.
For this general kinetic mechanism, the observed rate
constantke is given by

_ kafOD]
Ky + k4[OD']

whereky, andk are the rate constants for the opening and
closing event or fluctuation, andy, is the rate constant for
exchange of an exposed amide si3é)(

Two limiting mechanisms, EX1 and EX2, arising from
the relative values okg, ko, andky, may occur for this
mechanism.

Kex 2

EXL: If kyJOD ] >> ky, thenkg, = ki,

EX2: If k,,[OD7] << k, thenk_, =
(Kop/Ke)ken[OD ] = Kok JOD ] (4)
Kop = Kopfkei (5)

whereKq, is the equilibrium constant of the opening event

®3)

no conformational differences exist in the native state
ensemble at the two pH* values. Thus, amide protons
exchanging purely by EX1 in a plot of ldgx at pH* 7.05

vs logkex at pH* 6.35 (see Figure 3) should fall on a diagonal
line with a slope of one and intercept of zero. Those amide
sites exchanging purely by EX2 are expected to fall on a
line that is parallel to the diagonal line but displaced by an
amount equal to the pH* difference of the two sets of
@easurements. According to these predictions, the experi-
mental HX data obtained in Figure 3 cluster into three
groupings: those that exhibit EX2 kinetics, those that fall
between EX1 and EX2, and those exhibiting EX1 kinetics.
Though there are a small number of exceptions, in the
presence of 4.8 M urea most of the slowest exchanging amide
protons (Figure 3a) are observed to exchange via EX1. Those
exchanging at intermediate rates generally exchange by EX1
or a mixture of EX1 and EX2, and the fastest exchanging
amide protons most often follow EX2 kinetics (Figure 3b).
Because some rate constants are known with greater certainty
than others, error bars are provided in Figure 3a,b. With the
exception of two amides of the slow class, the combined
data set in Figure 3c is shown without accompanying errors
to enable easy visualization.

Hydrogen Exchange of RNase A in®.8 M Urea.Among
the 123 amide protons in RNase A, the exchange rate
constants of only about a third can be evaluated using the
guench method developed in an earlier stulg).(All Kex
data for RNase A taken at pH* 6.35 in-8.8 M urea and
pH* 7.05 in 4.8 M urea are listed in Table 2.

Within the (pre-denaturation) urea concentration range,
where native RNase A represents essentially 100% of the
protein, some amide protons exchange by way of EX1, some
by EX2, and some by a mixture of EX1 and EX2 (see Figure
3). Accordingly, we have opted to display the kinetic data
in a model-independent manner as shown in the figures that
follow. For clarity in presentation, the rate constant data are

for that amide proton under EX2 conditions, and the apparentdivided into three categories, distinguished by their magni-

hydrogen exchange free energy¥Gux) can be determined
from eq 6, providedk., [OD~] is known from model studies
(39) andke is evaluated from kinetic data. Within the pH*

tudes and their dependence on urea concentration.
The first of the three classes is the slowest exchanging
amide proton class. Not only do amide protons belonging to
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B e A Within the class of slowest exchanging amide protons,
evaluation ok. data for [ureal< 1.9 M is neither practical

nor accurate because exchange is so slow under these
conditions. The bold solid lines in Figure 4a are provided
for reference, and will be displayed in other plots to aid
analysis and comparison of the hydrogen exchange data.

The second class of RNase A amide protons are the fastest
exchanging amide protons measured. The rate constants for
this class are all greater than 20min~! and all are
considered to be independent of urea concentration over a
range of at least-85 M. Only when [urea] exceeds 5 M,
and the denaturation transition zone is entered, do these
residues begin to show a rate constant increase trend (see
Figure 4b). The urea concentration-independent exchange
behavior of these amide protons suggest they are exchanging
from the native ensemble by means of local structural
fluctuations. According to the results of the EX2/EX1 test
provided in Figure 3b, all but one of the residues in the fast
class exchange by the EX2 mechanism in 4.8 M urea.

The third and final class of amide exchange sites are the
intermediate exchange amide protons whose rate constants
fall between the fast and slowest classes of amide exchange
sites (see Figure 4c). In 4.8 M urea, these residues exchange
by EX1 or by a mixture of EX1 and EX2. At low urea con-
e centration, the intermediate exchange amide protons exhibit
- 3 little or no dependence on urea concentration. However, with
increased denaturant concentration, the rate constants become
increasingly dependent on urea concentration, ultimately
merging into the same urea rate constant dependence ob-
served for the slowest class of RNase A amide protons.

Apparent Superprotection Appears If Exchange Is Ana-
lyzed by Means of EX2n many kinetic studies exchange
by EX2 is assumed to occur in the pH range of 6 to 7 at 25
°C, and frequently the data are analyzed assuming this

logk @ pH*6.35 mechanism47, 48). The EX2 mechanism provides informa-
FiGURE 3: EX1/EX2 hydrogen exchange mechanism test of RNase tion on the equilibrium constant involved in solvent exposure
A in 4.8 M urea at pH* 6.35 and 7.05. (a) Slow exchange amide of the exchangeable site, and evaluation of these equilibrium
proton class (filled diamonds). Rank order from slowest to fastest: constants using eq 6 provides data for a ploAGf.x versus
?]/108’ C58, v47, Y73, M79, 1106, 181, Q74, E46. C58 and M79 .05 concentration. At high urea concentration, such a plot

ave the largest error limits and are considered to be on the main .

diagonal. (b) Fast exchange amide proton class (filled circles). Rank (N0t shown) of our data givesGx values for some of the
order from slowest to fastest: N44, D14, Q60, K61, S59, V43, amide protons within the fast and intermediate classes that
Y97. Intermediate exchange amide proton class (open squares)appear to be more protected than the amide protons of the
Slowest to fastest: V118, V116, 1107, V63, H119, C84, K104, AS6, s|owest class. Such paradoxical behavior has been reported

H48, E49, C72, K98, Q11, M13, H12. (c) Composite plot of all . . : « .
exchange classes grouped in boxes according to the applicable HX the literature and is known as “superprotectio) In

mechanism that applies.: EX1 kinetics (box aligned with the dashed the present case, apparent “superprotection” is seen because
line), EX2 kinetics (box aligned with the solid line), and a mixture the EX2 model is inappropriate for amide protons exhibiting
of EX1 and EX2 kinetics (box between the two lines). The dashed EX1 kinetics.
line represfe”ts thehma”l‘. dli.a‘goﬁa" ha}’i”g o slope of unity and  T\MAQ Decreases the HX Rate Constants of a Number of
'(?ft%f%?pt of zero. The solid line has a slope of unity and intercept RNase A Exchangeable Sitd9VAO is known to shift the
midpoint of equilibrium denaturation to higher urea concen-
this class have the smallest rate constants, the rate constantsation, so TMAO in the presence of urea is fully expected
are also the most dependent on urea concentration of all theto significantly decrease the H/D exchange of amide protons
classes and the dependence is linear over a substantial ureim the transition zone. Of interest, however, is how 1 M
concentration range. The slowest exchanging amide protonsTMAO affects urea-dependent rate constants of the various
of RNase A are presented in Figure 4a, and the residuesclasses as a function of urea concentrations under which the
belonging to this class display large and similar slopes (0.79 native species is most prominent. Figure 5 gives a plot of
+ 0.04) in the plot of logkex Vs [urea]. Though the slopes the observed urea-dependent HX rate constants in the
of the lines in Figure 4a are quite similar, the parallel lines presence and absencEloM TMAO, and for the sake of
at any given urea concentration cover-al® fold range in reducing the volume of data, the behaviors of only a
rate constant. The slowest amide protons in the presence ofepresentative number of sites are presented. The data are
4.8 M urea exchange primarily by EX1, though a small num- for beta strand 54-5) of RNase A, which is composed of
ber exchange by a mixture of EX1 and EX2 (see Figure 3a). residues from the fast (Y97 and C110), intermediate (K98
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Table 2: Base 10 Log of HX Rate Constants of RNase A-#5® M Urea at pH* 6.35 anchiO M Urea at pH* 7.05

pH* 7.05 pH* 6.35
AAH 48M oM 1.0 M 1.9M 2.9M 3.4M 3.9M 48M 53M 58M
9 ~1.04 —2.29 —2.05 —1.50 -1.18
10 —2.67 -1.96 —2.27 —2.02 —1.41
11 —2.08 -3.71 -3.63 -2.96 —-2.73 —2.47 —2.37 —2.23 ~1.65
12 ~1.68 -3.70 -3.25 —2.88 —2.81 —2.50 —2.34 —2.34 -1.95 ~1.53
13 ~1.87 -3.97 —3.49 -3.32 —2.97 —2.65 —2.60 —2.24 —2.06 -1.68
14 ~1.69 —2.94 —2.40 —2.67 —2.24 —2.08 -2.33 —2.11 ~1.59
29 -1.84 —2.49 —2.67 —2.59 —2.67 —2.15 ~1.45
31 ~1.57 —2.06 ~1.63 -1.83 -1.94 ~1.74 —1.40
43 ~1.25 -1.79 -1.98 —2.09 -1.93 -1.96 —2.13 —2.08 -1.75
44 —2.40 —2.34 —2.65 —-2.78 —2.82 —2.53 —2.61 —2.34 —1.46
46 ~2.35 —4.90 —4.12 —3.44 —3.09 —2.77 -1.73
47 —2.61 -5.16 —4.29 —3.86 —-3.34 —-2.84 —2.46 -1.83
48 —2.33 —4.25 —-4.11 -3.80 —3.55 -3.19 -2.84 -2.35 —2.27 -1.73
49 —2.28 ~3.26 -3.37 -3.19 —2.72 —2.61 —2.49 ~1.69
53 ~1.38 —2.16 -1.98 -1.29
54 —2.75 ~5.19 —5.11 ~5.08 —4.66 —4.22 —3.71 —2.99 —2.60 —2.21
55 -4.38 -3.85 —2.99 -2.15 -2.18 -1.62
56 —2.41 —3.44 -3.33 -3.36 -3.23 —3.07 —-3.17 —2.55 —2.22 -1.92
57 —2.39 ~4.18 —3.59 —2.45 ~1.80
58 ~4.85 -3.95 —3.51 —-3.11 -2.38 -2.34 ~1.45
59 ~1.41 -1.87 -2.30 —2.16 -1.98 —2.04 —2.17 —2.19 -1.71
60 ~1.59 —2.49 —2.48 —2.50 —2.61 —2.38 —2.26 —2.34 —2.41 -1.52
61 ~1.56 -1.63 —2.40 —2.31 —2.06 -2.33 -2.30 —2.17

63 —2.52 —4.97 —-4.91 —4.80 -4.16 —-3.71 -3.27 —2.69 —2.45 ~1.94
72 —2.26 -3.43 -3.38 —3.40 —3.46 -3.03 —2.89 —2.52 -2.33 -1.85
73 —2.58 —4.97 -3.92 —3.56 —3.09 —2.73 —2.29 -1.85
74 —2.37 —4.68 -3.87 —3.57 —-3.11 —2.74 ~1.65
79 —4.50 -3.15 —2.90 —2.29 ~1.58
81 —2.44 —5.04 —4.06 —3.57 —-3.12 —2.58 —2.41 -1.95
84 —2.46 —4.29 —4.33 —-4.31 -3.78 ~3.45 —-3.04 —2.52 —2.28 -1.79
85 -3.28 —3.49 —3.66 -3.36 -3.05 —2.64 —2.37 -1.91
97 —0.91 —2.01 -1.95 -1.88 -1.89 -1.76 -1.94 -1.71
08 —2.22 —3.98 -3.97 -3.87 —3.65 —3.37 —3.01 —2.56 -2.35 ~1.57
104 —2.45 —4.62 —4.45 —4.24 -3.78 -3.32 ~3.00 —2.62 -2.36 -1.85
106 —2.51 -5.10 —4.12 —3.58 -3.17 —2.63 —2.34 -1.88
107 -2.81 —4.35 —4.39 —4.29 —4.38 -3.98 ~3.52 —2.88 —2.72 —2.13
108 —2.71 —4.72 —4.28 —3.67 —2.89 —2.65 -2.20
109 —5.27 —4.46 -3.87 —2.79 —2.65 —2.09
110 ~1.43 -1.95 -2.10 —-2.20 —2.19 —2.19 —2.02 —2.00 ~1.60
116 —2.87 —5.00 —4.75 —4.42 —4.24 -3.68 -3.01 —2.67 —-2.13
118 —2.99 —5.07 —4.95 —4.52 —4.17 -3.78 -3.08 —2.73 -2.37
119 —2.51 —4.52 —4.46 —4.21 —3.55 -3.20 -2.84 —2.49 —2.22 -1.73

and K104), and slowest (A109) H/D exchange classes. in the absence of urea, the data of Neira et al. indicate that
TMAO exerts its greatest effect on the slowest exchanging essentially all of these intermediate exchanging amide
amide protons (A109) at abbd M urea, and becomes less protons exchange via EX29). However, in 4.8 M urea
effective as the urea:TMAO ratio increases further. The nearly all of these sites have switched to EX1 exchange (see
smallest effectsyp1 M TMAO on HX rate constants occur  Figure 3b). As a result of the differences in mechanisms for
with the fastest exchanging amide proton class in the absencexchange, the key protein species affected by TMAQO change
of urea. dramatically in the presence and absence of 4.8 M urea. In
Figure 6a shows that in the absence of ute! TMAO principle then, for the slowest exchanging amide protons
has essentially no effect on HX of most of the fastest (Figure 4a) one might expect to see a slope change on
exchanging amide protons; only S59 shows a decrease intransition from EX2 to EX1 as a function of urea concentra-
the HX rate constant in the presence of TMAO. In the tion, particularly if the low urea concentration data are
presence of 4.8 M urea (Figure 6b), discernible effects by analyzed according to EX2. Unfortunately, HX rates of the
TMAO on the fast exchange sites are detectable but small.slowest exchanging amide sites are impossibly slow at low
Figure 7a shows HX rate constants of residues in the Urea concentration, and the lack of HX rate data does not
intermediate exchange class in the presence and absence @llow the possibility of analyzing HX data at low urea.
1 M TMAO at pH* 6.35, and Figure 7b gives results of Finally, Figure 8 presents data collected in 4.8 M urea
experiments conducted in the same fashion but with the concerning effectsfal M TMAO on the HX rate constants
additional presence of 4.8 M urea. In the absence of urea,of the slowest exchanging amide protons. Under these
there are a small number of detectable decreases in HX rateconditions, all these sites exchange by way of EX1 or a
constants in the presence of TMAO alone, while all combination of EX1/EX2 (see Figure 3a). According to the
intermediate exchange residues in the presence of 4.8 M ar@gwo-process model, HX from the slowest exchanging amide
decreasedyp1l M TMAQO. It is important to point out that  protons is believed to involve exchange from the denatured
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T T T T [T T T T T T T TMAO greatly decreases the activation free energy of the
EX1 sites in RNase A as would be expected of considerable
backbone being exposed in the activated complex, and
recalling that the activation free energy is a reflection of the
equilibrium between the closed (native state) species and the
activated complex, there is good reason to believe that the
activated complex is structurally similar to denatured protein.
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)5 IIII P ]Ij;: L ] tions that can affect structure and function of many proteins
P | I'; (2, 8, 11, 55). The cells also contain TMAO, a protecting
T sF Brax LI osmolyte that has the ability to counteract urea effects.
g s } Somg ] TMAO and urea are both naturally occurring osmolytes, and
g O3S o 3 their effects on protein structure and dynamics of proteins
P - - have direct bearing on their biological effects. In this study,
- 4 E b z 3 using HX kinetics, we assess the effects of urea concentration
s E ] on the dynamics of RNase A structural events resulting in
B e proton exchange at specific amide sites in the protein. To
SSSE3288%8 é g é understand urea’s effects on the native ensemble, we have

studied RNase A HX near neutral pH at urea concentrations
Intermediate Exchange Class spanning the pre-denaturation range 408 M urea,>99.5%
FIGURE 7: HX rate constant data for the intermediate exchange Native state) and extending a short distance into the transition
class of amide sites. (a) Rate constants taken in the absence (filledzone (up to 5.8 M urea). Hydrogen exchange of RNase A in
squares), and presence (open squaréd) b TMAO. (b) Rate urea alone, in TMAO alone, and in urea:TMAO mixtures

constants taken in the presence of 4.8 M urea, with (open squareshre discussed.

and without (filled squargslt M TMAO. . . .
TMAO and, particularly, sucrose increase solvent viscos-

2 T T T ity. If viscosity plays a role in HX kinetics, it would be
F = i I expected to affect HX rate constants in a manner inversely
_ 25 F i F Y E proportional to the relative viscosities of the osmolytes. With
T L E Yl the exception of S59, one molar concentrations of neither
g C & s 3 urea, nor TMAO nor sucros®9) have an affect on HX rate
g oas E Bx &z = constants of the fast exchange sites of RNase A. The one
2 - A A ] exception is the HX rate constant of S59 in which TMAO
-4 F a3 4 decreases the rate constant, but neithé! urea nor 1 M
: sucrose has an effect. The general lack of effects of these
45 L 11 1 &+ 1 1 1 1111 . .
osmolytes on the fast exchange class provides strong evi-
258683888 dence that solution viscosity is not a factor of importance in
L8620 5052=3 % y p

HX from these sites. Rate constants of the slowest exchange
Slowest Exchange Class amide sites in RNase A are decreasgd M concentrations
FiGURe 8: HX rate constant data for the slow exchange class of of urea, TMAO, or sucrose, but to a much larger extent than
aTrlld((a S'tesi _Ratel d?ta Véeretrt]ak?n(fl'lrll tg“‘i Pfesbeegcﬁ/l 0; '\jfo'\/' ureacan be accounted for by the relative viscosities (unpublished
Wi open triangles) ana withou lled triang . H
Missing points are due to technical reasons involving the quench data) of these osmolytes. The decreases_ in H>.< rate constants
method. of the slowest class of RNase A amide sites by these
osmolytes are correlated with the osmophobic properties of

similarities between EX1 and EX2 in this case, and key to the osmolyte, not their relative viscosities. From the observa-
these similarities is the description of the (EX1) activated tions involving fast and slow exchange sites, there is no
complex as being much like a denatured species. For€vidence in support of viscosity is a factor of importance in
example, EX2 kinetics is considered to involve equilibrium RNase A HX kinetics.

between the closed form (native species) and the globally As in other reported HX studies of proteins as a function
denatured form, while for EX1 kinetics, transition state theory of denaturant concentration, urea effects on RNase A HX
invokes the concept of equilibrium between the closed form rate constants can be grouped into three classes: (i) the slow
(native species) and the activated complex. Both EX1 and exchange class (which has the strongest dependence on urea
EX2 involve the closed (native state) species, and the extentconcentration), (ii) the fast exchange class (which exhibits
to which the participating species are similar depends on howessentially no dependence on urea concentration), and (iii)
much the activated complex resembles a denatured proteinthe intermediate exchange class (which exhibits little or no
It is known that TMAO does not have much of an effect on urea dependence at low urea concentration and strong
the native state; its thermodynamic effect is on the denatureddependence in high uread§). All of these characteristic
species, significantly raising its free energy in proportion to dependencies are fully evident (Figure-4z within the pre-

the degree of backbone exposu&s,(54). Given that the denaturation urea concentration range 48 M). It is also
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clear that, at the beginning of the R D equilibrium the lower pH* must increase to different extents at the higher

transition (5.8 M urea), the rate constants of all three classespH*, achieving logkex values that are identical to one another

converge to a narrow but significant range of rate constants,at the higher pH*. Clearly, such sites cannot be pH*-

which have strong dependence on urea concentration. independent, and on this basis they do not meet the test
Distinguishing EX1 Exchanging Amide Protons from EX2. criteria set for EX1.

An often used test to determine whether particular amide  Nevertheless, rate constants that form a line with zero slope
protons exchange via EX1 or EX2 involves plotting leg on the plot are to be classified as EX1 sites. The reason is
values determined at one pH* vs It values obtained at  that at the higher pH* the rate constants at these sites become
a second pH* 41, 46, 49, 56). The test purports to take identical, implying that they all exchange by global exposure
advantage of the fact that amide protons exchanging by EX2tg solvent. Thus, rate constants of amide sites that form a
are directly dependent on pH* while those exchanging via jine of zero slope in such a test plot are EX1, despite the
EX1 are pH* independent. Because pH* dependendeof  fact that they exhibit pH* dependence.

can arise for reasons other than that explicit in the Hvidt The Two Manifestations of EXThere are two distinctly
a_nd Nie_lsen genera_ll mechanism for HX, it is worthwhile different ways EX1 sites can show up in the lag (higher
discussing the test in some detat. , . PH*) vslogke (lower pH*) plot: (i) they can appear on the

If ong plots_ logke, values obse_rved at some fixed pH, main diagonal line with slope of unity and zero intercept, or
say pH* 6.35 in our case, versus |t_self_(|.e., '@9(6-35_) VS (i) they can appear in the plot as a line with zero slofB.(
Io_g ke« (6.35)), all rate constants will align along ?‘d'agona' The EX1 sites that are on the main diagonal are pH-
Wlth.slope of one and intercept of zero. To obtain a plot as independent, i.e., they exhibit EX1 kinetics at both the high
n E|gure 3c, Wwe now fep"”?"e each rate congtant on theand low pH* values, and the variation in magnitude of their
ordinate V‘i'th s cor*respon_dlng log, value obtained at a a0 constants along the main diagonal show that exchange
hlgher_ pH*, say pH 7_'05_ In our case. Any movement_of at the EX1 sites is uncorrelated. Uncorrelated exchange in
the points from the main diagonal can only be in the vertical RNase A in our case is also corroborated by the fact that
direqtion. Following are four possible results one might TMAO suppresses the rate constants of the EX1 sites to
obt.aln frqm such a plot. . . different degrees (see Figures 7 and 8), suggesting different

() vertical moveme“t of points f“”.“. the main d|agqna! amounts of backbone exposure in the respective activated
may occur either because the stability of the protein is complexes. Using other techniques, Robertson’s lab has also

d?i’he”?e”t oi_ri‘*pHi or tge Titt"’e si'gatei conformati;)n differs shown uncorrelated exchange for some turkey ovomucoid
at the two pH* values38). Alternatively, we may be in a third domain EX1 sites7, 58).

pH* range where K, values of one or more ionizable groups

are perturbed in the native ensemble, and this too will lead The second category of '.EXl s_ltes, the ones that should
appear on the plot as a line with zero slope, are pH*-

to pH*-dependent rate constants. q d dinvol . h he | N h
Rate constant dependence on pH* from these factors ared€Pendent and involve sites that at the lower pH* exchange

not explicitly considered by the Hvidt and Nielsen mecha- " Partor entirely by EX2, and shift to EX1 excha_nge at the
nism X]POi IHyX anld their éppear:nce as iI)H*—dependent higher pH*. The fact that such EX1 sites all exhibit the same

processes in the plot tend to obscure effects arising from HX hrate cpnstiant Sliggeists fthigi theiqr i;ighly corrglateid
the general HX mechanism. We have minimized these factors€Xchange involves global unfolding. Robertson and col-
by showing in Table 1 that RNase A stability is unchanged leagues have amply demonstrated such pH-induced conver-

between pH* 6.35 and 7.05, and that proton uptake or releaseSon Of EX2 sites to EX1 in the basic pH* rangé4( 45).
is zero at pH 7.1 and small at pH 6.3%4). The slow exchange sites of barnase in low concentrations

(i) All amide protons exchanging via EX2 are predicted of guanidinium chloride exhibit this zero slope behavior,
to be pH*-dependent and are expected to move vertically suggesting that EX2 to EX1 conversion of these sites at
upward from the main diagonal by an amount equal to the denaturant concentrations occurs prior to the onset of the
difference between pH* 7.05 and 6.38l). In so doing, they denaturing transition of this proteibg). The results we have
will form a line parallel to the main diagonal with a slope Presented with RNase A shows that in pre-denaturational
of unity and a logkey (7.05) intercept of 0.7. All but one concentrations of urea EX2 to EX1 conversion occurs for
amide site (N44) of the fast exchange amide proton class@ll except the fast amide exchange class. In our case, the
(Figure 4b) are observed to follow this prediction (see Figure EX1 sites exhibit uncorrelated exchange while the EX1 sites
3b,c). in Barnase exhibit correlated exchange.

(iii) In contrast to the EX2 sites, amide protons that are  Basis for Interpreting Effects of Urea and TMAO on HX.
not affected by pH will remain on the main diagonal line In the Machino and Fridovich model, urea is said to shift
(see Figure 3c). For such sites, the HX rate constant at pH*the native ensemble to a more expanded average structure
7.05 is identical to that at pH* 6.35, and by definition these while TMAO contracts the native state ensemble. The native
pH*-independent amide protons meet the criteria for EX1 state is highly compact already, so contraction of this state
exchange. In our case, seven of nine amide sites in theby TMAO is meant to describe a decrease in amplitudes and/
slowest exchange class, as well as several exchangeabler numbers of native state fluctuations while expansion by
protons in the intermediate class, can be classified as EX1urea is thought of as an increase in number and/or amplitudes
on this basis. of native state fluctuations. The point to be made is that in

(iv) Clarke and Fersht claim that exchange sites involving the vernacular of the Machino and Fridovich model, the terms
slow rate constants that exchange via EX1 are manifestedexpansion and contraction involve small changes that may
as a line with a slope of zero in the pletl). To achieve not be sufficient to cause a native state dimension change
such a result, several rate constants on the main diagonal atletectable by current physical methods.
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It is known that TMAO has an unfavorable interaction support for the concept that urea causes increases in the
with the peptide backbone, and this behavior, called the frequency and amplitudes of structural fluctuations, causing
osmophobic effect, is responsible for its biological role in the average structure of the predominant protein species
stabilizing proteins in urea-rich cell23 54). Relative to (>99.5% native) apparently to expand somewhat as urea
the native state, more backbone units are exposed in theconcentration is raised from zero to 4.8 M. The fluctuations
denatured protein, and the osmophobic effect brought on bycontributing to the apparent expansion are both local (nhative
TMAO increases the Gibbs energy of the denatured statestate) and global (denatured state), with the large amplitude
relative to that of native, thereby causing the <N D (global) fluctuations primarily responsible for the greatest
equilibrium to shift in favor of the N state28, 26, 54, 60). degree of expansion. Unfortunately, it is the fluctuations from
Application of these principles to HX means that TMAO the native state that are most closely allied with function, so
will suppress fluctuations that expose peptide backbone,the important question is not whether expansion and/or con-
causing HX rate constants to decrease, and the degree ofraction can be established for the principal protein species
suppression will be proportional to the additional amount of within the experimental conditions, but whether evidence of
peptide backbone exposed in the structural fluctuation. “expansion” by urea and “contraction” by TMAO can be

In contrast to TMAOQ, urea has a favorable interaction with established for exchange from the native state ensemble.
the peptide backbone, causing a decrease in Gibbs energy It is important then to establish criteria for determining
of the denatured state relative to native, and a shift in the N which HX sites exchange from the native ensemble. In pH*
< D equilibrium in favor of the D state2@, 61). Urea’s 6.35 buffer solution, HX occurs by way of EX2 for RNase
favorable interaction with the peptide backbone promotes A (49). As mentioned, the two-process model involves native
exposure of peptide backbone, increasing the HX rate state hydrogen exchange occurring by way of local fluctua-
constant in proportion to the additional amount of backbone tions, and by global unfolding involving exchange from the
exposed in the fluctuatior6(). These opposing effects of denatured state50—53). For any given amide site, the
TMAO and urea on protein stability are believed to be central fraction of HX contributed by local (native state) fluctuations
to TMAOQO'’s counteraction of urea effects on protein function can be estimated from the fact that the observed rate constant
in urea-rich cells 23, 26). is the sum of contributions by the two processes and from

The urea:TMAO paradigm holds that urea should interact knowledge of the rate constant for HX extrapolated from
favorably with the backbone and side chains, making the high denaturant concentration to the zero denaturant limit.
native state less compact, and that TMAO will counteract By way of example, E54 is the slowest exchanging member
these effects. In terms of HX, native state expansion by ureaof the intermediate class and is a site most likely to have
would be expected to increase the amplitudes and frequenciesneasurable exchange via the urea-dependent process most
of native state fluctuations, and TMAO should suppress them. evident at high urea concentration. At3 M urea, E54
Given that the slowest sites require the largest exposure ofexchanges entirely by EX1, and extrapolation of the urea-
peptide surface area for exchange while the fast exchangedependent behavior in the-%.8 M range to zero denaturant
sites require much less exposure of surface area, a strongives E54’s EX1 exchange rate constant in pH 6.35 buffer.
correlation is expected between the ability of TMAO to The observed rate constant for E54 in the absence of urea
suppress exchange at sites and the rank order of theirand/or TMAO is found to be 97-fold faster than E54's EX1
exchange rates. In the presence of 4.8 M urea, this predictionexchange rate constant, and calculation shows that in buffer
is born out in that the rate constants of slowest exchange99% of HX from this site occurs by way of local exchange
sites are suppressed the most by (1 M) TMAO (Figure 8), from the native state ensemble. For intermediate and fast
less by the intermediate (Figure 7b), and least by the fastexchange amide sites, all of which exchange faster than E54,
exchange sites (Figure 6b). The magnitude of the suppressiorocal (native state) fluctuations overwhelmingly dominate
by TMAO shown here would be greater if the 4.8:1 ratio of EX1 contributions. Thus, in buffer local (native state) EX2
urea:TMAO in this experiment was closer to 2:1 as found describes the mode of exchange from the intermediate and
in living organisms §). fast class of amide sides in RNase A.

Effects of Urea and/or TMAO on Na# State Exchange. Evidence for all aspects of the urea:TMAO paradigm
Several lines of evidence point to the conclusion that urea requires attention to the separate effects of low urea and low
dramatically affects HX of RNase A at pre-denaturational TMAO concentration on the native state ensemble. In the
concentrations of urea, and that TMAO counteracts urea’s field of hydrogen exchange, the general consensus is that
effects. Figure 4ac shows that in the absence of either exchange from the native state largely involves solvent
osmolyte, rate constants for exchange cover several ordergenetration events or local unfolding, i.e., events involving
of magnitude, and this range narrows to around 1 order of little exposure of peptide backbone. This consensus is
magnitude in 4.8 M urea. Over this urea concentration range, justified by the observation that exchange rate constants of
the native population remainsaf9.5%, and the mechanism a large number of sites exhibit little or no dependence on
for exchange goes from being almost exclusively EX2 to urea at low denaturant concentration. Because urea and
largely EX1. At the very least, these conditions promote the TMAO require exposure of peptide backbone to exert their
view of a protein whose structure becomes increasingly effects, HX occurring with little increase in backbone
perturbed by the increasing urea concentration, allowing exposure immediately creates problems in trying to study
increased opportunistic binding of urea to the exposed proteinthe effects of these osmolytes on the native state ensemble.
segments as fluctuation amplitudes get larger and moreFortunately, not all amide sites exchanging from the native
frequent. Over this urea concentration range, TMAO is state are independent of urea concentration, and some
shown (Figures 7 and 8) to oppose urea’s effects on structuralexamples of these sites have been of particular interest as
fluctuations. Taken together, the results provide reasonablepossible indicators of intermediate states in protein folding.
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By way of example, denaturant-dependent native state We take these results as evidence that, by itself, TMAO
exchangeable sites described as partially unfolded formssuppresses RNase A native state hydrogen exchange at a
(PUFs) have been reporte®X-64), and clear identification =~ number of sites and that the same sites whose rate constants
of an unfolded segment of a PUF in a mutant form of are increased by urea in low urea concentration (H12, K104,
apocytochrome b562 has been demonstratéyl ( and M13) are also affected by TMAO. TMAO can also
The fact remains that although they can be important in suppress HX rate constants at sites (S59 and 1107) that
studies of native state dynamics, denaturant-dependent HXexhibit no urea dependence. Why TMAO appears to affect
sites are in the minority at low urea, giving the appearance more sites than does urea may be related to the fact that, on
that urea does not seem to have extensive influence ona per mole basis, TMAO has twice the effect on function as
fluctuations involving the native ensemble. With this issue does urea8). The demonstrated ability that TMAO and urea
in mind, the possibility has recently been raised that urea can separately and oppositely affect rate constants for native
does have significant effects on the native ensemble, but thestate exchange provides evidence for that part of the urea:
effects are masked because of a peculiar property of nativeTMAO paradigm relating ensemble behavior to opposing
state EX2 exchange. Simulations of native state fluctuations effects of these naturally occurring osmolytes.
involving as much as 1020% of surface area exposed on The counteracting ability of TMAO on protein function
denaturation have been shown to exhibit hydrogen exchangehas prompted the search for effects of TMAO on the native
rate constants that appear to be independent of ureastates of proteins, and while some studies have failed to show
concentration §6). The reason cited is that the ensembles effects on protein dynamics, others have reported success.
that comprise “open” and “closed” states involved in (local) In an interesting report, Jaravine et al. show opposing effects
EX2 exchange are very similar in terms of the degree of of both urea and TMAO on HX kinetics at four sites on the
surface area exposure. With the same area exposed, ureeelatively unstable cold shock protein A (CspA%].
should interact to the same extent with both states, resultingHowever, application of the above-described EX1/EX2 test
in no shift of the “closed” to “open’equilibrium and to their data reveals no sites that can be classified strictly as
consequently no observed effect of urea on EX2 kinetics. In EX2, and given the low stability of the protein and its fast
such cases, even if urea expanded the “closed” and “open”folding and unfolding rate constants, it is not entirely clear
forms by increasing the fluctuations of both states, these whether exchange at these sites is occurring from the
effects on the native ensemble would go undetected by HX native or the denatured state. Results of another study claim
kinetics because with both forms being expanded to the sameeffects of TMAO on RNase A at pH* 4, but the results
extent would be no shift in the “closed” to “open” equilib- are not readily interpretable due to TMAO being a salt
rium (66). In lieu of a difference in surface area exposed for (pKa,of TMAO is 4.75) at the pH* of the measureme6ty.
the “closed” and “open” ensembles, TMAO would also not It is known that the thermodynamic character of native
shift the “closed” to “open”equilibrium. That is, despite the RNase is greatly perturbed by salt at this pH, so it is prob-
fact that TMAO might diminish the putative 20% able that the effects observed are a result of a salt effect
backbone exposure resulting from fluctuations, its effects rather than a protecting osmolyte effect on the native
would also not be detected by EX2 HX kinetics. The point ensemble Z4, 68).
to be made from the work of Wooll et al. is that the very In contrast to the two reports mentioned above, Gonnelli
nature of the native ensemble and the EX2 mechanism canand Strambini failed to detect effects by TMAO on the
mitigate against detection of important urea (or TMAO) internal dynamics of native proteins. These authors monitored
effects on the native ensemble. tryptophan phosphorescence of several proteins in the
Given the various conditions that mitigate against observ- presence and absence of TMAO as a means of detecting
ing effects of urea or TMAO on native state hydrogen effects of TMAO on the native state ensemb@&9)( The
exchange, it is significant whenever evidence is found for authors claim that tryptophan phosphorescence is very
the influence of effects by these agents on native statesensitive to local environment and the lack of effects of
exchange. Figures 6a and 7a show that one molar TMAO in TMAO on tryptophan phosphorescence in the enzymes
pH* 6.35 buffered RNase A solution decreases the observedstudied was interpreted to mean that osmolytes do not affect
HX rate constants of S59, H12, M13, K104, and 1107; the the internal dynamics of the native sta&9)
largest effects are on sites with the largest rate constants (S59, The extent to which osmolytes affect native state internal
H12, M13). These five intermediate and fast exchange amidedynamics may depend on the dynamical characteristics under
sites are a subset of twenty such fast and intermediateobservation. For example, we have shown that amide proton
exchange sites whose kinetics we have been able to monitorexchange from histidine 119 of RNase A is quite slow with
in pH* 6.35 buffered RNase A. As in the example involving exchange occurring from the denatured ensemble. By
E54 (see above), the residues of the fast and intermediatecontrast, recent NMR spin relaxation measurements suggest
exchange classes exchange by local (native state) fluctua-chemical exchange between conformers at multiple backbone
tions. Thus, in buffer alone TMAO is seen to decrease the sites including His119 occurs on the millisecond time scale
rate constants for native state exchange of 25% of all (70). Clearly, the dynamical character of the backbone at
the intermediate and fast amide sites whose kinetics we haveany given site depends on what measure of dynamics is under
been able to observe. While it is clear that TMAO does not consideration, and failure to detect effects in one measure
affect the rate constants of all sites exchanging by fluctuations of dynamics may not preclude success in detecting effects
of the native ensemble, it does suppress fluctuations of aby other measurements. Our objective in the present study
significant fraction of those sites in a manner consistent with was to use HX as a monitor of native state dynamics in
Machino and Fridovich’s concept of “contraction” of the investigating the essential aspects of the urea:TMAO para-
native state ensemble. digm and evidence is presented in support of observing
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opposing effects of urea and TMAO alone and in combina-
tion. There may indeed be other measures of native state
dynamical character more responsive to urea and TMAO
effects than HX; application of other methods of ob-
serving dynamics would be valuable in pursuing this problem
further.

From the current study and those mentioned above, it is
clear that demonstrating effects of urea and TMAO on the
native ensembles of proteins is difficult, requiring attention
to multiple issues that can affect the interpretation. The work
presented here provides results in support of the urea:TMAO
paradigm which posits that TMAO and urea have opposing
effects on the amplitudes and frequency of protein fluctua-
tions, with urea tending to increase fluctuations and TMAO
suppressing them. These effects are readily evident with HX
from the denatured state, but not as evident for HX from
the native ensemble. When both urea and TMAO are in the
presence of protein the affects of both osmolytes appear to
be additive, with TMAO counteracting the effects of urea
on native state ensemble fluctuations.
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