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ABSTRACT. Osmolytes are small organic solutes produced by the cells of all organisms (except halobacteria)
in high stress situations (e.g. extremes of salt concentration, high temperature, etc.) to stabilize their
macromolecules and so conserve biological activity. They do not interact with the macromolecule directly
but act by altering the solvent properties in the cellular environment, and so their presence indirectly
modifies the stability of proteins. In this paper we examine the effect of a model osmolyte, glycine, on
the stabilization of two proteins, chymotrypsin inhibitor 2 and horse heart cytochcoriiée have used

NMR to monitor the effect of this osmolyte on amide hydrogen exchange rates, which allows a probe at
discrete points within the protein structure. Hydrogen exchange rates of specific backbone amide protons
provide information about the localized structural fluctuations that expose these amides to solvent and
allow exchange to take place. We find that the presence of a high concentration of glycine osmolyte has
a profound stabilizing effect on the proteins studied, which is accompanied by a large reduction of the
exchange rate constants of most slowly exchanging amide protons. The spectra indicate that this arises
without significant changes in the three-dimensional structure. However, the effects on individual amide
protons within a single protein were not uniform, and a wide variation in the magnitude of the effects was
observed. This ranged from no apparent change in the exchange rate, to decreases in the exchange rate
constant by over 2 orders of magnitude. The osmolyte appears to alter a number of different processes
that contribute to the observed exchange rates, and no simple generalization allows prediction of the
extent of stabilization at any individual location. The results are discussed in light of the available structures
of the proteins studied.

Osmolytes are small organic solutes that confer protection preferential exclusion of osmolyte from the protein structure
against denaturing stresses on macromolecules in the cellula(Gekko and Timasheff, 1981). A major driving force for
systems of all bacteria (except halobacteria), plants, andprotein folding is the hydrophobic effect, which is mediated
animals. There are three main categories of osmolytes:yja solvation and so is modulated by the presence of
polyhydric alcohols (polyols); free amino acids and their osmolytes. The most striking manifestation of the stabiliza-
derivatives; methylamines (Yancey et al., 1982). These o effect of osmolytes is a considerable increase irfthe
molecules stabilize proteins, not by interacting with them ot oroteins in their presence. The degree of stabilization
directly but by altering the solvent properties of the sur- can be quite dramatic, for example, glycine-based osmolytes

rounding water and therefore the macromoleewdelvent .
interactions. This results in a shift in the unfoldedfolded can raise thdm by as much as 22C (Santoro etal., 1992).

equilibrium to favor the folded species (Timasheff, 1992,  All studies reported to date have examined the conse-
1993; Yancey et al., 1982). Their effect seems to be generalquence of osmolyte addition on global thermodynamic
to all proteins and has no inhibitory or enhancing effects on parameters. A more selective indication of the stability of
biological activity. The generalized nature of action of these a protein is the rate at which individual backbone amide
compatible solutes in nature minimizes the need for adaptive protons exchange with their surrounding solvent. The degree
changes in proteins that must retain biological activity under to which internal residues are accessible for hydrogen
the extreme conditions (e.g., high salt or urea concentration, exchange is inversely related to the global stability of the
temperature, heat, dehydration, etc.) that can occur in Ce”S-ﬂuctuating protein ensemble; i.e., there is a correlation
Some of the most efficient osmolytes are amino acids and petween stability and exchange rates (Englander and En-
their derivatives, including glycine,- and/-alanine, betaine,  gjander, 1983; Englander & Kallenbach, 1984; Woodward

sarcosine andN,N-dimethylglycine (.Yancey et al., 1982 ~ &Hilton 1979). Although exchange rate constants can only
Arakawa & Timasheff, 1983, 1985; Santoro et al., 1992 uie an indirect measurement of stability, they can be

Taneja & Ahmed, 1994). Their presence in a solution Is determined at numerous positions throughout a protein

thought to result in enhanced solvent ordering leading to . . .
structure and under a variety of experimental conditions.
Stabilization of the structure is expected to decrease exchange
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(2) How are such changes distributed throughout the which encodes RNA polymerase (Tabor & Richardson,
structure? 1985). Cells were grown overnight at 30 in 2TY medium
Amide proton exchange is easy to measure by NMR, as supplemented with ampicillin (50 mg£) and kanomycin
in D,O solution the NH resonances will exchange to give (50 mg L ). Expressed protein was induced by heat shock
ND, resulting in a decay of the NH signal. The mechanism for 1 h at 42°C followed by further growth at 37C for 4
can be described by eq 1 (Richarz et al., 1979; Wagner & h. The cells were then harvested and sonicated, and the pH
was adjusted to 4.8 with glacial acetic acid. After centrifu-
gation at 15000 rpm (Sorvall SS34 rotor) for 30 min,
ammonium sulfate was added to the supernatant of the
resultant cell contents mixture to 60% w/v. The precipitated
Wiithrich, 1979), where O represents the “open”, solvent- proteins were recovered by centrifugation, redissolved and
exposed state and C the “closed” or folded solvent-inacces-size fractionated on a gel filtration column (Sephadex G-75,
sible form. The exchange ratk,, is then given by eq 2.  Pharmacia). Fractions that inhibited hydrolysis Wf
succinyl-ala-ala-pro-php-nitroanilide (Sigma) by subtilisin

CH T OH -5 0D)=CO) (@)

K. Ks Carlsberg (Sigma) were identified, pooled, and lyophilized.
Kex = kK + k. (2) The dry protein was used directly for denaturation studies
273 and NMR.

Under most conditions of practical interest, including those ~ Chemical Denaturation Experiments3uanidine hydro-
in the present investigation, EXinetics prevail (Roder et~ chloride (GdnHCI) (ARISTAR grade) was obtained from
al. 1985a) wherd, > ks giving eq 3. In this equatiorke, BDH Limited. Guanidine hydrochloride solutions were
prepared by serial dilution fromna8 M stock solution
Koy = Ko qks (3) prepared as described by Pace (1986). For each sample, 100
uL of protein solution (223 mg mL™%, 50 mM sodium
acetate buffer, pH 4.2) with or witho®@ M glycine was
iluted into 900uL of the appropriate denaturant solution
+2 M glycine as required). The protein/denaturant solutions
were preequilibrated at ZLC for 1 h. Fluorescence spectra
were collected using a Shimadzu RF-5001PC spectrofluo-

= ki/k, and it thus dictates the position of the equilibrium
between the solvent-exposed and solvent-hidden states of th
exchangeable proton; is the intrinsic chemical exchange
rate of individual protons, i.e., the rate at which that proton
would exchange when solvent exposed. Although this has” 9
been seen to vary between individual residues in a protein'!Meter. The excitation wavelength was 290 nm, and
structure (Roder et al., 1985b), it is the degree of solvent EMiSsion spectra were recorded at 356 nm. Data were
exposure K., that has the greater effect on exchange rates. an_alyzed as described in the Results by nonlinear regression
In the experiments described in this paper we have USiNg the progranGraFit (Leatherbarrow, 1992).
measured the effect of a model osmolyte on the exchange Two-Dimensional NMR Spectroscopy. Sample Prepara-
rates of individual amide protons. In this way, we should tion. For the proton exchange measurements using cyto-
obtain information as to how the apparent solvent exposure chromec, 30 mg of protein was added to 0.6 mL o®ior
equilibrium, a reflection of stability, is affected by the 0.6 mL of 2 M glycineds (Aldrich), reduced with excess
osmolyte at discrete points in the protein 3D structure. Our sodium dithionite (Aldrich) with the pH adjusted to 4.75.
studies have involved examination of the effect of the Forthe NMR studies on Cl2, 14 mg of purified protein was
osmolyte glycine on two proteins, namely horse heart added to 0.6 mL of KD or 0.6 mL of 2 M glycineds and
cytochromec and chymotrypsin inhibitor 2 (Cl2). Cyto- the pH adjusted to 7.0. After lyophilization overnight, in
chromec is a well-characterized globular protein of 104 each case 0.6 mL of [ (Aldrich, 100%) was added and
residues, (M~12 kD) involved in coupled electron transport. the respective sample was immediately transferred to the
A high-resolution three-dimensional crystal structure has magnet. All pH values quoted are direct pH meter readings
been elucidated (Bushnell et al., 1990) as well as a fully at room temperature and are uncorrected for isotope and
assigned proton NMR spectrum (Wand & Di Stefano, 1989). temperature effects.
Some H-exchange work has also been described (Patel and Acquisition of SpectraNMR spectra were obtained on a
Canuel, 1976; Roder et al., 1988), particularly on the gryker AMX 600 MHz spectrometer (University of London
N-terminala-helix (Wand et al., 1986; Wand and Englander, |nterdisciplinary Research Service) equipped with an Aspect
1986). CI2 is a small serine protease inhibitor found in 3000 data system. 2D J-correlated TOCSY spectra (Bax &
barley seeds. There is a crystal structure of this protein payis, 1985; Braunschweler & Ernst, 1983) were recorded
(McPhalen et al., 1985; McPhalen & James, 1987), a fully yjth a mixing time of 80 ms. For the cytochrornsamples
assigned proton spectrum of the ordered portion (residuesihe spectra were recorded at %0 and pH 4.75. For the
22-83) (Kjeer et al., 1987) and an NMR structure determi- |2 samples, spectra were recorded at’@and pH 7.0.
nation (Kjeer and Poulsen, 1987; Ludvigsen et al., 1991). Tne residual solvent peak was suppressed by presaturation.
EXPERIMENTAL SECTION Spectra_ comprised 512 increments of 2K_data points _(16
scans with 4 dummy scans), and were zero filled to 2K points
Protein Purification. Cytochromec (horse heart, min.  in the F1 dimension before processing. A series of spectra
95%) was obtained from Sigma Chemical Co. and was used(approximate running tie 2 h 45min) were recorded over
without further purification. a 24 h period after addition of {® to the dried sample. This
CI2 was expressed from the plasmid pPO1 (Osmark et typically allowed seven time points from which the exchange
al., 1993) inE. coli K38 harboring the plasmid pGP1-2, rate constants could be derived.
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@ 160 Table 1. Effect of Glycine on the Stability of Cytochromend
B Clz
140 -
o parameter£ std. error) cytochrome ClI2
120 AGro (kJ mofy) 26.74 (-1.16)  20.42 £1.05)
§ 100 AGn,0 in the presence of 44.02(.17) 28.1641.80)
g - 2 M glycine (kJ mot?)
g 80 - AAGy (kJ mol?) 17.28 ¢1.65) 7.74 42.08)
S L m 2.58 (0.26) 1.20 £0.14)
- N a2 The free energies for unfolding for cytochroro@nd C12 in the
40 - presence and absencE2M glycine were derived from analysis of
20 L the variation of intrinsic protein fluorescence as a function of GdnHCI
R concentration as described in the text. Data in the absence and presence
0 ¢ of osmolyte were fitted simultaneously to yield a commuonvalue
0 2 4 6 8 (_eq 5). Standard error values (in brackets) were derived from the data
(GAnHC] (M) fitting.
® 400 The free energy of unfolding in the presence of a
N denaturant such as guanidine hydrochloride is linearly related
to the concentration of denaturant (Pace, 1986) (eq 1).
300
8 AGy = AG,, o — mdenaturant] 4)
3
2 200 Here,AGy,o is the apparent free energy of unfolding in the
£ absence of denaturant amdiGy is the free energy of
100 unfolding in the presence of denaturant. This allows
denaturant-induced unfolding to be used to measure protein
stability (Kellis et al., 1989). For a two-state unfolding
0 P WO SN R R N transition, it is possible to fit the data to eq 5, which
o 2 4 6 8 incorporates pre- and post-denaturation slopes that account
[GAnHCI] (M) for experimentally observed effects on fluorescence that are

not due to unfolding (Santoro & Bolen, 1988; Pace et al.

Ficure 1: GdnHCI denaturation in the presen®) @nd absence 1990; Horovitzet al., 1992; Clarke & Fersht, 1993)

(O) of 2 M glycine. Proteins were equilibrated in solutions of
GdnHCI, pH 4.2, 21°C. Denaturation was monitored by intrinsic
tryptophan fluorescence at 356 nm, with excitation at 290 nm. F = (oy + A\[D]) + (au +ﬁu[D]) X
Key: (a) Cytochromes (300 ug/mL); (b) CI2 (200ug/mL). The xpl(mD] — A R

solid curves represent best fits to eq 5 by nonlinear regression. exp[(m(D] GHzO)/ 1

1+ exp[(m[D] — AGHZO)/R1] ®)

Analysis of Data. The degree of amide exchange was
investigated as a function of time and was monitored by the |, this equationg anday are the intercepts angh andy
decrease in int(_ansity of the _peaks_gorresponding to individual 5,6 the slopes of the baselines at low (N) and high (U)
assignable residues. The intensities of theNg#H cross-  GgnHCI concentrations, and D is the denaturant GdnHCI.
peaks were determined by calculating the cross-peak volumerne data sets were then analyzed by multiple nonlinear
integral of radius 30 Hz centered over a peak of interest using regression. For each protein, both data sets were fitted
the Aurelia software package (Bruker, 1995). No internal simultaneously to eq 5. The values of batrand the slope
reference was needed as all spectra for any one ratesf the denaturation curve were held to be the same in the
calculation were run on the same sample, with identical gpsence and presenck2M glycine for any one protein,
acquisition and processing parameters. Exchange followedp, ;¢ theAGu,0 values were independently calculated. As is
first-order kinetics and rate constants were determined by q\ident from the two sets of denaturation curves (Figure 1)
fitting the peak intensities to a first-order decay curve by pip proteins unfold at a much higher concentration of
nonlinear regression using the progréraFit (Leatherbar- GdnHCI in 2 M glycine than without it. The effects on the
row, 1992). thermodynamic parameters are listed in Table 1. Under the
RESULTS conditions used, the presencE2M glycine results in an

increase in the free energy of denaturation by 17.3 kJ ol

Sobent-Induced DenaturationThe effect 2 M glycine for cytochromec and 7.7 kJ moit for chymotrypsin inhibitor
on the stability of both cytochrome and chymotrypsin 2. ltis clear that the presence of the osmolyte has a strongly
inhibitor 2 was studied by measuring their unfolding in stabilizing effect on both of these proteins, as would be
solutions containing increasing concentrations of guanidine expected from previous studies (Santetcal, 1992).
hydrochloride (Kellis et al., 1989). Unfolding was monitored Hydrogen ExchangeAmide protons were resolved using
by observation of the intrinsic protein fluorescence, which TOCSY spectra (Bax & Davis, 1985), a form&torrelated
in cytochromec arises from the sole tryptophan side chain 2D-NMR experiment, where coupling occurs throughout a
Trp 59 and in CI2 from the sole tryptophan side chain Trp single spin system. The fingerprint region of the spectra
24. The denaturation curves of these proteins, with and shows only one NHC*H cross-peak for each residue in
without 2 M glycine, are shown in Figure 1. the protein with the exception of glycine (2 peaks) and
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Ficure 2: Fingerprint region of TOCSY spectra of horse ferrocytochrametained in RO, pH 4.75, 40°C, after exchange times of 12,
342, and 1002 min. Assigned NHC*H cross-peaks are indicated (Wand & Di Stefano, 1989).
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Ficure 3: Fingerprint region of TOCSY spectra of horse ferrocytochranobtained m 2 M glycineds, pH 4.75, 40°C, at 40, 366, and
1018 min of exchange.
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Ficure 4: Fingerprint region of TOCSY spectra of chymotrypsin inhibitor 2 obtained @,pH 7.0, 30°C, at 188, 524, and 1028 min
after exchange. Assigned NHC*H cross-peaks are indicated (Kjeer et al., 1987).

proline (no peaks). Complete assignment information is conditions allow a large number of exchange rates to be
available for both cytochrome(Wand & Di Stefano, 1989)  measured both in the presence and absence of osmolyte. The
and CI2 (Kjeer et al., 1987) and was used to identify the spectrum of either proteinni2 M glycine under these
resonances monitored in this study. conditions was essentially the same as the native protein
The rate of hydrogen exchange is strongly dependent on(compare Figure 2a with Figure 3a, and Figure 4a with Figure
pH and temperature (Patel & Canuel, 1976), so conditions 5&), showing that glycine at the concentration used has
were found empirica”y that gave measurable exchange rategﬁegligible effect on the relative chemical shifts of the protons.
both in and out of glycine for as many residues as possible, Representative spectra illustrating the effects of the os-
over an experimentally accessible time period (24 h). As molyte on exchange are shown in Figures®2 Figure 2
will be seen, this is not straightforward as the addition of shows spectra of cytochromg pH 4.75, 40°C, after
osmolyte greatly slows amide exchange. In the case of exchange times of 12, 342, and 1002 min; Figure 3 shows
chymotrypsin inhibitor 2 the conditions used were pH 7 and spectra of cytochrome in 2 M glycine under otherwise
30 °C and for cytochromes, pH 4.75 and 40C. These identical conditions, after approximately the same time
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Ficure 5: Fingerprint region of TOCSY spectra of chymotrypsin inhibitor 2 obtaime® M glycineds, pH 7.0, 30°C, at 195, 533, and
1040 min after exchange.

periods (40, 366, and 1018 min). Figure 4 shows spectra of 100
chymotrypsin inhibitor 2 at pH 7, 3TC, after exchange times I
of 188, 524, and 1028 min; Figure 5 shows spectra of
chymotrypsin inhibitor 2m 2 M glycine under the same
conditions, after the similar exchange times of 195, 533, and
1040 min. It is immediately obvious from comparing the 2
first and last spectra in both series run in the absence of the 0l
osmolyte that over the time period of the experiment 0 =0 4fi?nef::ns)8°° 1000 20 4ﬁi‘e?z?ns)8°° 1000
significant exchange of the slowly exchanging amide protons

has occurred, and some of the cross-peaks have disappeared.
In comparison, very little exchange has occurred in the
presence ©2 M glycine over the same period. Thus this
osmolyte greatly slows down the average rate of amide
proton exchange throughout the protein structure, and this

80
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% Peak intensity
% Peak intensity

[=]

100 .
80 -
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40 -

% Peak intensity
% Peak intensity

effect is seen for each of the model proteins studied. 20 |- °

After assignment of individual cross-peaks based on P R e ‘
previously published work (Wand & Di Stefano, 1989; Kjeer 0 200 400 600 800 1000 0 200 400 600 800 1000
et al., 1987), their volumes were integrated and the first- Time (mins) Time {mins)

order exchange rate constants were calculated. Figures 6
and 7 show graphs of peak intensity against time for several
representative residues in cytochromand chymotrypsin
inhibitor 2, respectively. The calculated exchange rate
constants of the various assigned backbone amide protons
in the absence and presence of osmolyte for cytochrome
and chymotrypsin inhibitor 2 are listed in Tables 2 and 3.

100
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% Peak intensity
% Peak intensity

20

0

0 200 400 600 800 1000 0 200 400 600 800 1000
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DISCUSSION

A protein can be dissolved in upt2 M glycine, a FIGURE 6: Plots of amide exchange in the presence and absence
powerful osmolyte, without its structure or function being ©f 2 M glycine for various amide protons of cytochrorue (a)

; . K13, (b) L32, (c) L64, (d) K73, (e) Y74, and (f) R91. Open circles
altered (Gopal and Ahluwalia, 1993; Matthews & Leather represent normalized integrated peak intensities from TOCSY

barrow, 1993). By comparison of denaturation curves, using spectra (Figures 2 and 3) recorded at various intervals following
increasing concentrations of GdnHCI, of each protein in initiation of exchange by addition of £ to the dry protein sample.
water andm 2 M glycine (Figures 1), it is clear that a much Filled circles show the corresponding data collected in the presence
higher concentration of GdnHCI is needed to denature the ©f 2 M glycineds.
proteins in the presence of the osmolyte. Hence, the presencé&IMR spectra of these proteins (see Figuressp AsH
of the osmolyte at this concentration confers a quite dramatic chemical shifts are a sensitive probe of protein conformation,
increase on the stability of the proteins used in the presentthis is consistent with the protein structure being unaltered
study. The stabilization is consistent with the well- by the presence of the osmolyte at this concentration
documented effects of osmolytes on protein stabilization and (Matthews & Leatherbarrow, 1993). Perdeuterated glycine
confirms that the protein systems described are suitablewas used to minimize spectral interference.
models for further analysis. Hydrogen exchange of backbone amide protons in a
Two-dimensional NMR provides a method of measuring protein consists of two main stages, the first involving
exchange rates of individual labile protons, both in water fluctuations that render the individual protons solvent ac-
and in 2 M glycine. Glycine upat2 M concentration has  cessible and the second, the actual base-catalyzed exchange
negligible effect on the intrinsic quality and nature of the event. The overall rate of exchange of individual amide
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models range from the breakage of single hydrogen bonds
(Linderstrom-Lang, 1955), concerted local unfolding of small
protein segments (Englander, 1975; Englander et al., 1992),
“regional melting” (Kossiakoff, 1982), “limited structural
fluctuation” (Mayo & Baldwin, 1993), and larger (but still
sub-global) unfolding processes (Bai et al., 1995). Although
L the hydrogen-bonding structure is dominant in governing
0 200 400 600 800 1000 0 200 400 600 800 1000 amide exchange (Kossiakoff 1982; Woodward et al., 1982),
Time (mins) Time (mins) other factors, such as burial from the solvent within the
protein core, can also determine how protected a proton is
from exchange (Radford et al., 1992). In addition, the
presence of distinct folding domains is also likely to influence
amide exchange (Kim et al., 1993; Dobson et al., 1994).

The Effect of Osmolytes on Exchangghe interpretation
of NH exchange rates from individual protons within a
\ o, 0l o protein is complex, as several processes may contribute to
o 200 400 600 800 1000 0 200 400 600 500 1000 the exchange mechanisms (Dempsey, 1986; Delepierre et
Time (mins) Time (mins) al.,, 1987). However, as the experiments described here
compare exchange rates for the same protons under different
solvent conditions, the effect can be investigated without
requiring detailed interpretation, at an atomic level, of the
exchange mechanism itself.

The relative effect of the osmolyte on the exchange rate,
i.e., the ratio of the exchange rate with and without osmolyte,
serves to indicate the degree to which this stabilization is
manifest at the location of each specific amide (Tables 2
and 3). If the osmolyte was stabilizing the protein to the
same extent throughout, this factor would be expected to be

Ficure 7: Plots of amide exchange in the presence and absence, : : :
of 2 M glycine for various amide protons of CI2: (a) W24, (b) the same for each residue. The results in this study, however,

V28, (c) K37, (d) R65, () D71, and (f) N75. Open circles represent ShOW that the magnitude of the effect that glycine has on
normalized integrated peak intensities from TOCSY spectra (Figures individual exchange rates varies enormously (from 0.38 to
3 and 4) recorded at various intervals following initiation of >326). There appears little correlation between primary
exchange by addition of { to the dry protein sample. Filled circles  sequence and the extent of the effect of the osmolyte.
Sgiﬁéze corresponding data collected in the presence of 2 M Neither is there any correlation between the amount that the

> osmolyte affects amide exchange and the type of amino acid

protons with the solvent thus depends on two factors: the NVolved. The data show no simple correlation with static
proportion of time that any proton spends solvent-exposed solvent accessibilities (data not shown)_or Wlth_ the temper-
and in the correct orientation for exchand@ eq 3) and ature factors from X-ray crystallographic studies on these

PR teins (Bushnell et al., 1990, McPhalen & James, 1987).
the intrinsic exchange rate of that protdg, €q 3). Although pro ; S
ks will vary between individual residues in the protein The most likely explanation is that these effects depend

structure (Roder et al., 1985b), it that has the greater on the location of the partlcula_lr residue within the 3D
effect on amide exchange rates, resulting in rates rangingStr.UCture’ the second_ary and tertiary structure present at that
over 10 orders of magnitude (Woodward et al., 1982). In point and the fluctuation(s) required for hydrogen exchange

the context of the current work, it seems reasonable to assum o occur. A detailed description of the effects, considering

She protein structure, is given below.
that 'the effgcts opserved also T?f'e‘“ changesKtQ Cytochrome c.The results of Patel & Canuel (1976) and
consistent with the increased stability of the protein when

in the presence of osmolyte Wan(_j et al. (1986) support local coop_erative unfold_ing
' reactions, as opposed to solvent penetration, as determinants

To understand the way in which osmolytes could affect of protein hydrogen exchange reactions for cytochrame
exchange rates, it is important to consider the nature of theynder conditions such as those used here. Most of the slowly
motions that render the backbone amide protons accessiblexchanging amide protons are hydrogen bonded (Bushnell
to solvent. Under the conditions used for these studies, low et al., 1990), although those that are not are not necessarily
activation energy exchange from the native state, involving the fastest exchanging.
small fluctuations in the protein structure, predominates. The The N-Terminalo-Helix. Among the slowest amide
two main models that describe this process are the localprotons to exchange are those positioned in the N-terminal
unfolding model (Englander & Kallenbach 1984; Englander q-helix, i.e., residues215. Of these residues studied, N2
et al., 1992) and the solvent penetration model (Hvidt & exchanges much faster than do any of the others in this helix,
Nielson, 1966; Woodward & Hilton, 1979). More specific presumably because it is very near to the terminus and the
noncooperative fluctuations include cavities created by most exposed. It is also stabilized to the greatest extent by
mobile defects in protein packing (Lumry & Rosenberg, 2 M glycine. Residues 9 and %14 exchange at very
1975) and transient formation of channels from bulk solvent similar rates and in general the slower the exchange rate
to interior sites (Richards, 1979). Cooperative unfolding constant, the less the effect of the osmolyte. This helix is
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Table 2: HydrogenDeuterium Exchange Rate Constants for Cytochrafe

exchange rate in £D (min™?) exchange rateni2 M glycine (mirr?) exchange retardation factor
residue koo std error Kgly std error ko,ofKgly std error
N2 >5p x 1072 453x 103 5.3x 10 >11
K8 1.60x 1073 9.7x 107 4.20x 1073 2.2x10* 0.38 0.03
19 1.38x 10°3 2.2x 10 2.90x 104 7.8x 1075 4.8 1.3
Vi1 1.02x 1073 1.6x 10 3.01x 10 4.8x 107 34 0.8
Q12 9.69x 1074 15x 10 6.64x 104 6.6 x 1075 15 0.3
K13 1.14x 1073 1.8x 10 4.08x 104 2.9x 10 2.8 0.5
Ci4 4.89x 1074 1.3x 10 4.21x 104 3.4x 105 1.2 0.3
H18 4.75% 1073 1.2x 10 <5°x 10°° >95
G29 5.08x 1072 1.6x 1073 <5°x 10°° >101
L32 5.37x 1072 5.8x 10 <5°x 107° >107
E42 2.04x 1072 6.2x 1073 2.21x 1073 2.9x 10* 9.2 3.0
157 1.02x 1072 1.3x 1073 8.27x 1073 14x 1073 12 0.3
W59 6.39x 1073 2.0x 1073 6.06x 10 1.7x 10 11 4.6
K60 4.20x 1073 2.9x 104 2.95x 104 1.0x 10 14 4.8
L64 2.97x 1073 3.8x 10 1.80x 10 4.6x 10°° 17 4.9
E66 d 1.52x 1078 1.0x 10+ e
L68 1.32x 1073 3.1x 10 <5¢x 1078 >26
E69 1.51x 1072 2.3x 10 1.10x 104 6.2x 1075 14 8.2
N70 3.31x 1073 1.3x 10 3.91x 1078 7.5x 10 0.85 0.17
K73 5.82x 1073 14x 104 3.19x 103 1.9x 10+ 1.8 0.1
Y74 2.89x 1072 1.1x 10 7.96x 1074 5.7x 107 3.6 0.1
M80 1.38x 1072 4.0x 10°° 1.80x 10°3 6.1x 104 7.7 2.6
185 3.31x 1072 1.8x 10 3.92x 1073 2.6x 10 0.84 0.07
K87 1.78x 1073 3.8x 10 6.33x 104 7.2x 105 2.8 0.7
R91 2.32x 1072 3.8x 10 459x%x 104 6.1x 1075 5.1 11
195 2.88x 1073 25x10* 5.90x 104 1.4x 10 4.9 1.2
K100 5.61x 10 1.0x 10 1.51x 1073 3.2x 10 0.37 0.07
A101 1.82x 1073 14x 10 1.60x 1073 1.6x 10 1.1 0.1

aExchange rate constants for various amide protons were obtained from analysis of the integrated volumes efQtid bidss-peaks from
TOCSY spectra recorded at various intervals after addition A5 Bolution to the dry protein sample. Spectra were recorded in the absence or
presence 02 M glycine at pH* 4.75, 40°C. Standard error values were obtained from the data fitfiligstimation of lower limit (fast exchange
gives a limited number of data point§)Estimation of upper limit (very little exchange over the period of the experimé/gak obscured by
overlap with K100.2 Ratio undefined.

Table 3: HydrogenDeuterium Exchange Rate Constants forZCI2

exchange rate in fD (min™?) exchange rateni2 M glycine (mirr?) exchange retardation factor

residue ko,0 std error Kqty std error ko,olKgly std error
w24 1.02x 1072 5.7x 10°° 3.09x 104 40x 10°° 3.3 0.5
L27 6.18x 1074 7.8x 107 <56 x 1075 >12

V28 8.63x 1072 43x 104 1.99x 1073 42x 104 43 0.9
A35 1.61x 1073 8.1x 1075 1.45x 10 2.2x 105 11 2
K37 2.20x 1072 4.2x 107 1.49x 1073 1.3x 10 15 3
V38 1.54x 1073 2.2x10° <5¢x 107 >31

139 3.14x 1078 2.2x 10 4.84x 104 2.4x 104 6.5 3.2
L40 <5°x 10°° <5°x 10°° d

Q41 1.97x 103 1.3x10° 1.42x 104 1.0x 10 14 9.8
K43 1.63x 1072 2.7x 1078 <5°x 10°° >326

Q47 1.79x 102 43x 1073 1.65x 103 3.1x 10 11 3
149 <5°x 10°° <5°x 10°° d

L51 4.17x 104 1.4x10° <5 x 1075 >8.3

T58 4.02x 1074 5.0x 107 <5°x 10°° >9.0

R65 1.57x 1073 6.5x 107 <5t x 1075 >31

F69 3.29x 1074 4.8x 1075 <5°x 10°° >6.6

V70 <5°x 10°° <5°x 10°° d

D71 1.20x 1072 54x 10 3.79x 10 9.6 x 1075 32 8
N75 3.28x 1073 2.0x 10 4.46x 1074 8.4x 1075 7.4 15
A77 1.27x 1072 1.7x 1073 2.20x 1073 6.2x 104 5.8 1.8
Q78 >5P x 1072 2.22x 1078 8.7x 1075 >227

R81 1.69x 1072 7.5x 10°° 2.30x 104 15x 10+ 7.3 5.4
V82 5.54x 1073 2.8x 10 2.25x 104 1.2x 10 25 13.4

a Exchange rate constants for various amide protons were obtained from analysis of the integrated volumes ofQttd dibss-peaks from
TOCSY spectra recorded at various intervals after addition A5 Bolution to the dry protein sample. Spectra were recorded in the absence or
presence ©2 M glycine at pH* 7.0, 30°C. Standard error values were obtained from the data fitfilistimation of lower limit (fast exchange
gives a limited number of data point§)Estimation of upper limit (very little exchange over the period of the experiméRtitio undefined.

docked via contacts involving residues 6 and 10 to the with no hydrophobic contacts. It seems likely that this
C-terminal o-helix, leaving K8 the most exposed residue, residue would need least fluctuation to become accessible
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to solvent, which could explain why addition of glycine does the 60s helix involves more extensive disruption of the
not retard the exchange rate. hydrophobic core.

The C-Terminal-Helix. The next slowest exchanging ~ Chymotrypsin Inhibitor 2.CI2 forms a single cooperative
set of residues is those in the C-terminatielix, i.e., residues ~ folding unit (Li & Daggett, 1996; Itzhaki et al., 1995; Jandu
87—102. Within this group, all residues except K100 have €t al., 1990). The-helix is in strong hydrophobic contact
similar exchange rates, with R91 and 195 exchanging the Wlth theﬁ-sheet region, the hydrophobic core involving the
fastest and also being the most affected by glycine. The Side chains of W24, L27, A35, V38, 139, A46, F48, V66,
C-terminal helix could well be part of the same cooperative 168, V70, 176, and P80 (McPhalen et al., 1985). The
unfolding unit as the N-terminal helix, both helixes being extended loop is also strongly held against this protein core

docked together, and their melting is the final transition to bY two hydrogen bonds to Arg65 and Arg67. Many of the
the unfolded state (Bai et al., 1995). residues exchange too slowly in glycine for it to be possible

to calculate the precise effect that glycine has on the

exchange rate constants, although limits can be estimated.
The a-Helix. Of the a-helix residues studied, K43 and

K37 exchange the fastest. K37 is solvent accessible but K43

The “60s” Helix. The other main helical section of
cytochromec is the 60s helix, involving residues 60 to 69
and possibly extending to W59. In this relatively fast
exchanging hel_|x_, L68 is the slowest O.f those obse_rved ©is not directly solvent exposed. While the presence of
exchange, and it is also affected by glycine to a considerably

; . L lycine retards exchange by a factor of only 15 for K37,
greater degree than the other residues. This helix is packeogxChange of K43 is slowed by a facteB00. This suggests

against the hydrophobic core of the protein, the greatest aregnat different unfolding processes expose this latter residue,

of contact mvplvmg this leucine re5|due_. The wholg helix and these are more greatly affected by the presence of
seems to fall into a pattern where, moving outward in both glycine

directions from L68, the exchange rates increase and the The -Sheet Region Residues D71 and N75 lie at the

effect of glycine on these rates decreases. Bai and co-tOIO of strands 4 and 5 respectively of tHesheet region.
\L,Jvr?i;kv?/[wsicﬁ?s?? ﬁ?egs%?rsltt:;atcg:tse?elzllf?gglzgigggﬁﬁﬁge Both residues are buried and D71 exchanges at about 4 times
helix are repor?ed to exchange byilocal fluctuations except the rate of N75. .The exc;hgnge r.ates of the;e residues n the
for L68, which requires more extensive unfolding. L68 may presence of glycine are similar, Wlth D71 having a retardation

' ) factor of 32. It seems possible that these protons are

thentbe TfOS: affe(;,ted _t;_y gly<_:|ne|b_ecauTebgllycmfe Ig_as aexchanging due to the same substructure fluctuation, which
greater effect on transitions involving global unfolding o i 1iized by the osmolyte.

reactions, and has a lesser effect on small fluctuations. R81 and V82 lie on strand 6 of thg-sheet. V82

The Omega LoopThe group of amides most affected by  exchanges about 3.5 times faster than R81, and its retardation
glycine is H18, G29, and L32. These amides are also amongfactor in 2 M glycine is also about 3.5 times greater than
the fastest to exchange. They all lie on théoop made up  that of R81. This would be consistent with glycine retarding
of residues 1833 (Leszczynski & Rose, 1986) which pack 3 common fluctuation that exposes both residues to solvent.
closely together underneath the heme group as part of the A77 and Q78 constitute the half-turn in thesheet region.
hydrophobic core. The side chains of these residues are fullyThese residues are at very similar distances from solvent but
buried in the 3D structure of cytochronte(Dickerson et Q78 exchanges at a greatly accelerated rate2 M glycine,
al., 1971). The fact that they all have similar exchange ratesthe rate of exchange of Q78 is lowered dramatically, while
and that these rates are slowed so remarkably by glycinethe rate of A77 is lowered by the moderate factor of 5.8. In
seems to imply that they are part of one cooperative this instance, adjacent residues are affected to greatly
unfolding unit, WhiCh, once it has unfolded, exposes all three different extents, Suggesting different processes being in-
residues to solvent for exchange. This is consistent with the yolved in their solvent exposure, with consequently differing
suggestion by Bai et al. (1995) that there is a cooperative effects of the osmolyte.
binding loop involving residues 2685. The unfolding of R65 and F69 are on the same strand of fheheet
this loop would break up the hydrophobic core of the protein, structure. R65 exchanges at a moderate rate, even though
which could be the reason that addition of glycine has such it is very buried in the protein structure. F69 exchanges at
an extreme effect on the exchange stability of this loop.  a much slower rate, even though it lies on the protein surface

General Data. Bai et al. (1995) suggested that the and is solvent accessible. It seems likely that no major
hydrogen exchange behavior of cytochromein low structural fluctuation is required in order to exchange this
concentrations of denaturant reveals a sequence of metaamide proton. The effect of glycine on the exchange of F69
stable, partially unfolded forms that occupy free energy levels is small. This result is consistent with glycine having an
reaching up to the fully unfolded state. The step from one effect on the unfolding/folding equilibrium responsible for
to another is accomplished by the unfolding of one or more exchange of R65 but having relatively little effect on the
of these cooperative units, which are made up of entire  smaller fluctuation required for exchange of F69.
loops or mutually stabilizing pairs of whole helixes and loops.  Thermodynamic Effects of the Osmolyf&ne Gibbs free
The partially unfolded forms that they detected by hydrogen energy change associated with the exchange process can be
exchange appear to represent major intermediates in reversexpressed as eq 6. Hefjs the universal gas constam (
ible, dynamic unfolding reactions that occur even at native
conditions. The same cooperative units are also consistent AG,, = —RTIn K, (6)
with the results of these studies. The 60s helix displays
contrary behavior to the other cooperative units discussed.= 8.31 J K** mol™t) andT is the Kelvin temperature. The
This may indicate that exchange of the slower residues in difference in free energy change resulting from addition of
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osmolyte is then given by eq 7. This can also be expressedlarly with cytochromec, the residues often fall clearly into
cooperative unfolding units that exchange at broadly similar
AAG,, = —RTIn AK,, (7) rates and are affected by glycine by degrees that appear to
follow some kind of pattern. This would not be expected if
in terms of the exchange rates in watks,§) and in glycine exchange resulted from channel formation or some other
(kgy) (eq 8). Stabilization by solvents will alter the exchange noncooperative, exposing event.
In general, glycine appears to have the largest effect on
AAG,, = —RTIn(kp, o/kyy) (8) more buried residues that require some degree of disruption
of the hydrophobic core of the protein to become solvent
rate by a factor proportional to thKe, but under the exposed. This is consistent with the general action of
conditions used here (i.e. where the protein is not denatured),osmolytes, which are thought to increase the hydrophobic
this refers to thdq0f each individual amide from the folded effect. However, amide exchange is a complex event and
state. If the osmolyte was stabilizing the protein to the same cannot be explained by a single, simple mechanism. For
extent throughout the protein structure, the factor by which this reason, the effects of osmolyte addition on specific
it affects the exchange rate, and thereforeAles,,, would residues does not follow a simple or easily predicable pattern.
also be the same for each residue. The results in this study, The effects of osmolytes can be considered to be analo-
however, show that the magnitude of the effect that glycine gous, but of opposite consequence, to the action of denatur-
has on individual exchange rate constants varies across ants. It is therefore likely that experiments that have
range of 0.37 to>326. provided useful information about denaturation could give

Each individualKeq refers to the equilibrium constant for  similar insights into stabilization processes. Bai et al. (1995)
the sum of any unfolding events or structure fluctuations that show that the dependence of amide proton exchange rates
render the proton in question solvent accessible, howeveron the concentration of denaturant gives additional informa-
large or small a contribution that event may be making.  tion about unfolding. We expect that further experiments

Mechanism of Action of the Osmolyt&arious conclu- measuring the effect of osmolyte concentration on exchange
sions can be drawn about the effect of this osmolyte on amiderates would have similar value.
proton exchange.

1. If the exchange happens by virtue of an unfolding SUMMARY
equilibrium affected by the glycine osmolyte, then the rate
of exchange will be altered. The results of this study suggest
that most slowly exchanging amide protons do show a
significant alteration in their exchange rates in the presence
of 2 M glycine.

2. If glycine has no affect on the processes that expose
the amide to solvent, then glycine will not affect the exchange systems analyzed.
rate. A number of amide protons are found to have broadly As well the other implications of protein stabilization, it
similar exchange rate constants in the presence and absenclgzas been shown that running NMR experiments in,the
of the osmolyte (in cytochrome these are K8, Q12, C14,

57, K100, and A101). The moderate increase of eXchawepresence of osmolytes can allow spectra to be collected at
raté const,ant for a féw protons (by a factor of up~) elevated temperatures where the protein would not normally

mav be due to the alvcine acting as a mild base be stable (Matthews & Leatherbarrow, 1993). The effects
Y gy 9 " described in the present study indicate that addition of
3. If exchange occurs from a form approaching the

denatured state of the protein, then the effect of glycine will osmolyt_es might also have _practlcal value in the collection
. ; of protein spectra by allowing them to be recorded under
be maximal and the lowering of the exchange rate constants o ) ;
; 4 S conditions (e.g., elevated pH) where amide exchange might
will reflect the thermodynamic stabilization afforded by the : .
: o 2~ otherwise be too rapid.
osmolyte. The maximum stabilization factors found in this
study are for the extremely buried protons Within théoop ACKNOWLEDGMENT
of cytochromec (H18, G29, and L32). It is likely that the _
exposure of these residues will require extensive unfolding, We thank Dr. H. Toms and Mr. P. Haycock for help with
which explains the large effect of the stabilizing agent on acquiring the NMR spectra, Dr. P. Brick for assistance with
these exchange rates. calculating the exposed surface area, and Drs. S. J. Matthews
4. If the exchange can occur through various fluctuations, and P. Evans for helpful discussions.
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