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Abstract

For a detailed NMR study of the dynamics of the cold shock protein CspB from Bacillus subtilis, we determined
I5N transverse and longitudinal relaxation rates and heteronuclear nuclear Overhauser effects at different solvent
viscosities. Up to a relative viscosity of 2, which is equivalent to 27% ethylene glycol (EG), the overall correlation
time follows the linear Stokes-Einstein equation. At a relative viscosity of 6 (70% EG) the correlation time deviates
from linearity by 30%, indicating that CspB tumbles at a higher rate as expected from the solvent viscosity probably
due to a preferential binding of water molecules at the protein surface. The corresponding hydrodynamic radii,
determined by NMR diffusion experiments, show no variation with viscosity. The amplitudes of intramolecular
motions on a sub-nanosecond time scale revealed by an extended Lipari—Szabo analysis were mainly independent
of the solvent viscosity. The lower limit of the NMR ‘observation window’ for the internal correlation time shifts
above 0.5 ns at 70% EG, which is directly reflected in the experimentally derived internal correlation times. Chem-
ical exchange contributions to the transverse relaxation rates derived from the Lipari-Szabo approach coincide with
the experimentally determined values from the transverse 'H-!1SN dipolar/!>N chemical shift anisotropy relaxation
interference. These contributions originate from fast protein folding reactions on a millisecond timescale, which
get retarded at increased solvent viscosities.

Introduction

NMR spectroscopy covers a wide range of time re-
gimes, which allows to observe phenomena in proteins
from rapid motions on a picosecond time scale by re-
laxation studies (Palmer, 1997) up to H/D exchange
(Bai et al., 1994) and protein folding reactions on a
minute to hour time scale (van Nuland et al., 1998).
For the interpretation of protein relaxation parameters
in terms of motion, two formalisms are favored: the
model-free approach (Lipari and Szabo, 1982a; Lipari
and Szabo, 1982b) and spectral density mapping (Peng
and Wagner, 1992). Typically, longitudinal spin-
lattice relaxation (Rp), transverse spin-spin relaxation
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(R), and the heteronuclear NOE effect (A1NOE) are
determined for every heteronucleus (Palmer, 1997).
Additional experimental relaxation data include lon-
gitudinal two-spin order, antiphase two-spin coher-
ence, amide-proton in-phase coherence and amide-
proton longitudinal magnetization (Dayie and Wagner,
1994). Experimental access to dynamic processes via
CPMG and Rj, relaxation techniques of proteins on
microsecond-millisecond time scales has been real-
ized more recently (Palmer et al., 2001). To increase
the amount of experimental data for the calculation
of parameters of motion, relaxation rates at different
field strengths (Canet et al., 2001) and temperatures
(Seewald et al., 2000) have to be acquired.

We followed an alternative approach to increase
the number of experimental relaxation data by varying
the solvent viscosity. The protein under investigation
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is the cold shock protein CspB of Bacillus subtilis.
Recent studies showed that both, unfolding and re-
folding of CspB are significantly decelerated when the
viscosity of the solvent increases by adding ethylene
glycol or sucrose (Jacob et al., 1997, 1999). There-
fore we ask the question, whether a variation of the
solvent viscosity can provide additional information
for the interpretation of relaxation rates and of chem-
ical exchange contributions to these rates from protein
folding reactions.

To approach these questions, we determined over-
all rotational correlation times T, from ’N-relaxation
rates Ri, R> and heteronuclear NOEs at three differ-
ent solvent viscosities employing an extended Lipari-
Szabo formalism. We found a non-linear dependence
of 1, on the macroscopic viscosity but invariant hy-
drodynamic radii of CspB. Faster internal motions are
mainly independent of the viscosity. The conforma-
tional exchange contributions Rex to Ry originating
mainly from the folding/unfolding equilibrium have
been determined experimentally from the interference
between 'H-"N dipolar and >N chemical shift an-
isotropy (CSA) interactions. We found a good co-
incidence between these experimental R.x rates and
Rex contributions determined by the extended Lipari-
Szabo analysis. Reduced chemical exchange rates at
higher viscosities arise from changes of the folding
rates of CspB under these conditions.

Experimental procedures

SN labeling and sample preparation

CspB from Bacillus subtilis was overexpressed in
Escherichia coli BL21(DE3) pPDCSP using the bac-
teriophage T7 polymerase system under the control
of the tac hybrid promotor. The bacteria were grown
in M9 minimal medium (Sambrook et al., 1989)
at 37°C supplemented with SNH4Cl and induced
with 1 mM IPTG at ODggg = 0.7. The follow-
ing purification was achieved as described previously
(Schindler et al., 1995) after reaching an ODggp of
1.5. NMR samples for heteronuclear correlation ex-
periments contained 1.5 mM N-CspB, 7% D>0O in
100 mM Na-cacodylate/HCI at pH 7.0 with 0%, 27%,
and 70% (w/v) ethylene glycol (EG). For diffusion
experiments 1.0 mM unlabeled CspB was dissolved
within the same buffer in D,O and various amounts of
deuterated ethylene glycol (d6-EG) containing 0.1%
dioxan. Solvent viscosities of the respective EG solu-

tions were measured with an oscillating capillary
rheometer OCR-D from Chempro (Jacob et al., 1997).

NMR measurements

All spectra were acquired at 25°C with a Bruker
DRX500 or DRX600 spectrometer with 2048 complex
points for 1D spectra and 1024 x 128 complex points
for 2D spectra. PG-SLED gradient echo experiments
(Gibbs and Johnson, 1991; Jones et al., 1997) were
recorded at a 'H resonance frequency of 500 MHz.
For each set, 18 different gradient strengths were used
for the 5.75 ms de- and refocusing gradient along the
z-axis followed by a 2 ms recovery delay (Jones et al.,
1997). Diffusion was allowed to proceed for 80 ms
0%, 27%) or 140 ms (52% EG, 70% EG) to en-
sure a protein signal intensity decay of 70% to 90%
at the highest gradient strength. All other pulses and
delays and the 1 ms spoil gradients before data ac-
quisition were kept constant. Each measurement was
repeated three times to improve signal-to-noise ratio
and to estimate the errors. Equation 1 can be fitted
to the NMR intensities I(g) at the respective gradient
strength g (Balbach, 2000; Jones et al., 1997). I(g) is
the integral typically between 0.5 ppm and 2.5 ppm.
The translational diffusion coefficient of the protein is
proportional to dpror and A represents the amplitude of
the Gaussian diffusion curve.

1(g) = A - exp(—dprot - &) ()
The reference integral of the dioxan resonance at
3.6 ppm contains small contributions from the pro-
tein. Therefore, dgijox was derived from Equation 2,
with fixed dpror and Apror and Agjox Tepresenting the

Gaussian contributions of the protein and dioxan,
respectively.

I1(g) = Adiox - exp(—ddiox - g2) +
Aprot : eXp(_dprot : gz). 2
The hydrodynamic radius of the protein (RIp{rOt) was

calculated according to Equation 3 using a reference
radius for dioxan (R&%) of 2.12 A (Wilkins et al.,

1999). R%mt does not depend on

prot ddiox

RY R 3)

dprol
protein concentration at 0% EG, which was shown
by repeating the diffusion experiment at 1.5 mM,
0.75 mM, 0.38 mM, and 0.19 mM CspB (data not
shown). Therefore, it is unlikely that an aggrega-
tion equilibrium distorts the analysis of relaxation
parameter (Pfuhl et al., 1999).



R1, Ry, and hNOE spectra (Dayie and Wagner,
1994) and HSQC spectra for the 0% EG sample were
recorded at a Bruker DRX500 with spectral widths of
6510 Hz ('H) and 1470 Hz (13N). Spectra at 27% and
70% EG were measured with a Bruker DRX 600 using
spectral widths of 9615 Hz and 1764 Hz for 'H and
I5N, respectively. Relaxation delays were chosen to
ensure that signal intensities of all data sets decayed
to zero allowing a two-parameter fit. Therefore, in-
version recovery delays at the DRX500 were set to
12.5, 37.7 (two times), 82.9, 148.2, 233.5, 344, 474.6
(two times), 806.1 ms, CPMG delays to 22.8 (two
times), 45.6, 68.4, 91.2, 114, 136.8, 159.6, 1824
(two times), 205.2 ms. At the DRX600, R; relaxation
delays were set to 10, 40.1 (two times), 130.4, 280.9,
496.6,767.5,1103.6 (two times), 1500, 2498.2 ms and
R> relaxation delays to 22.4 (two times), 44.8, 67.2,
89.6, 112, 134.4, 156.8 (two times), 179.2 ms. For
the determination of the heteronuclear NOE effects,
two spectra were recorded, one with three seconds
of proton saturation and one without. The transverse
'H-N dipolar/!>N CSA cross-correlation rate con-
stants mxy have been derived from the ratio of Jcross
and I,y measured by a cross-relaxation and an auto-
relaxation experiment, respectively (Kroenke et al.,
1998). The relaxation delays were set to 32, 53.4,
74.8, 96.1, and 106.8 ms. For I between 64 and
96 transients were averaged per #; increment, and for
Tauto between 32 and 64 transients. All data matrices
contained 2048 x 512 points.

15N relaxation parameters (R, Ry, hNOE, and 1xy)

R; and R, rates were derived by fitting a single ex-
ponential function (two parameters without offset) to
the cross peak intensities using the program GRAFIT
(Erithacus software). The used standard error calcu-
lated by GRAFIT corresponds to the error derived by
a Monte Carlo simulation using CURVEFIT from the
MODELFREE program package (Mandel et al., 1995;
Palmer et al., 1991) and is about 10% smaller than
errors estimated by the jack-knife method. The het-
eronuclear NOE effect was calculated from the ratios
of cross-peak intensities in spectra collected with and
without amide proton saturation. The experimental
errors around 5% for the heteronuclear NOE effects
were estimated from baseline noise in the respective
spectra (Nicholson et al., 1992).

The nyy rate constants were determined from a
non-least squares fit of Equation 4 to the intensity
ratios Icross/lauto at different relaxation times t using
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GRAFIT.
Icross/ Tauto = tanh(nyy T). 4

The used standard errors from GRAFIT corres-
pond to the errors estimated by Monte Carlo simula-
tions with CURVEFIT and are about 20% above the
error using the jack-knife procedure.

Model-free analysis

Calculations of Lipari-Szabo motional parameters
were performed with the program MODELFREE (ver-
sion 3.1). Each set of relaxation parameters at the
respective EG concentration was analyzed separately.
Relaxation for amide >N nuclear spins in a diamag-
netic protein can generally be described by the dipolar
coupling with the directly attached proton and the
chemical shift anisotropy of '>N (Abragam, 1961).

R = (d{y/4) - {J(on — on) +
3J(wN) + 6J(wyg + oN)} +
(w&/3)(0)] — 61)*J (on), 5)

Ry = (dZy/8) - {(4J(0) + J(on — wN) +
3J(wN) + 6J (wn) + 6J (on + oN)} +
(0}/18) (o)) — 01)*{4J (0) +
3J(oN)} + Rex, (6)

ANOE = 14 (d2/4R1)(yu/yn){6J (wn +
oN) — J(oH — oN)} (7
with
dni = (WohyrYN/8T) (i) (8)

where Lo is the permeability of free space, h is
Planck’s constant, yg and yN are the gyromagnetic
ratios of 'H and !N, respectively, and wy and wy are
the Larmor frequencies of 'H and PN, respectively.
The N-H bond length rny is 0.102 nm and o) and
o are the parallel and perpendicular components of
the 15N chemical shift tensor, which is assumed to be
axially symmetric. A conventional value of Ao = o)
- 01 = —160 ppm has been used for the Lipari-Szabo
analysis (Hiyama et al., 1988). More recently determ-
ined values of the !N chemical shift anisotropy of
about —170 ppm (Boyd and Redfield, 1999; Canet
et al.,, 2001; Ottiger et al., 1997) gave no signific-
ant variations for 1y, and the derived parameters of
internal motion. Slow conformational exchange (Rex)
contributes to the transversal relaxation rate R».
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Table 1. Spectral density functions of the models used for the 15N

relaxation data analysis

Model  Spectral density function Optimized parameters
1 J(@) =2/5{P /(1 + 0?3))  §?
22 J(@) = 2/5{Ptm/(1 + 022) + 2,1t
(-1 + 02t D)}
3 J(@) = 2/5{Ptm/(1 + 0?t2)}  S2, Rex
1/T2(0bs) = 1/T> + Rex
4 J(@) = 2/5{Ptm/(1 + 02 2) +  $2, te, Rex
(1-82) /(1 + w? T2)}
1/T2(0bs) = 1/T> + Rex
sb J(w) =2/5{S*1m/(1 + w?12) + 57 .82, 1

S2(1-sH) /(14w 2))

A, = tp Te/(tm + Te)-

Pt} =t T/(tm + 15); 8 = §F 52,

Spectral density functions J(w;) at the angular
frequency w; depend on the internal motions of the
'H-15N bond vector and the overall tumbling of the
protein. The extended Lipari—-Szabo formalism pro-
poses different spectral density functions (Table 1),
which depend upon S (the generalized motional order
parameter), Ty, (the overall correlation time of rota-
tional diffusion), t. (the effective correlation time) and
Rex (the rate of chemical or conformational exchange).
We used an isotropic model, because the ratio of the
three principal inertia axis is 1.0 : 0.92 : 0.77 (de-
rived with pdbinertia from the MODELFREE program
package). The model-free analysis was performed by
fitting the five models (Table 1) to the determined
relaxation parameters at each EG concentration by
minimizing the target function of sum-squared error
(SSE) for each residue:

SSE = (Ri — R})*/o? +
(R, — R3)* /o5 +
(hNOE — hNOE*)?/otnoE. )

R1, R>, and hNOE represent the experimental relaxa-
tion parameters and o1, 02, and opNoE the uncertain-
ties of the experimental data. R}, R, and ANOE*
are the back-calculated relaxation parameters from
the model-free approach using the respective spectral
density function given in Table 1. Model selection
was achieved by the smallest SSE value to obtain the
optimal motional parameter values for each residue.
Besides the SSE value, appropriate results for mo-
tional parameters such as 1o > 30 ps, Rex > 0.5 g1
and S% > 0.9 are used for model selection. For mod-
els with the same SSE value or violation of the other

criteria, the simpler model was preferred. The iterat-
ive optimization of the overall rotational correlation
time ty, was performed as described by Montelione
and coworkers (Feng et al., 1998; Li and Montelione,
1995)

Chemical exchange contributions to Ry

Unimolecular chemical reactions give rise to chemical
exchange contributions Rex to the spin-spin relaxation
rate R, determined by CPMG spin-echo sequences
(Carver and Richards, 1972).

Ry = RY + Rex. (10)

A simple approximation of the relaxation rate con-
stant of the resonance associated with site A has been
derived independently of assumptions about slow, in-
termediate, or fast exchange on the NMR chemical
shift time scale provided that ppo > pp (Ishima and
Torchia, 1999):

k1
A =B, (1D
k_y

Ro(1/tep) = Ra(1/tep — 00) +
PAPB A‘Dzkcx/[kgx +
(PrAw® + 144/13)'/2]. (12)

In Equations 11 and 12, k1 and k_; are forward and
reverse rate constants and the chemical exchange rate
constant kex = k1 + k—1. pa and pp denote the equilib-
rium populations of equivalent nuclear spins in species
A and B and Aw represents the difference in the angu-
lar frequency between the resonance at site A and site



B. 1 refers to a single spin-echo period (t¢p/2 —180°
— Tcp/2) during the CPMG sequence.

Rg can be determined experimentally, because in-
terference rate constant nyy of the transverse dipolar
and chemical shift anisotropy relaxation is independ-
ent of chemical exchange effects (Kroenke et al., 1998;
Tjandra et al., 1996).

RY = V/3(4c? 4 3d%)/(12¢d Pa[cos BNy (13)

¢ =vyNBoAc/V3, d=—poynyn/@niriy).

By is the static magnetic field strength, —172 ppm was
used here for the 1SN CSA Ao, Pa[x]=(3x% — 1)/2,
and the experimentally determined angle between the
N-H bond vector and the symmetry axis of the °N
chemical shift tensor § = 18.5° was used (Boyd and
Redfield, 1999; Kroenke et al., 1998; Vugmeyster
et al., 2000).

Results

Ethylene glycol does not change the chemical shifts of
CspB significantly

To elucidate the influence of EG on the structure of
CspB, three I 5N HSQC spectra at 0%, 27%, and
70% ethylene glycol were recorded (Figure 1). Al-
though a significant line broadening was detected at
increased EG concentrations due to the slower tum-
bling of the protein molecules at higher viscosity, all
cross peaks could directly be assigned in these 2D
spectra unambiguously based on the published assign-
ments of CspB (Schnuchel, 1995). For most peaks, a
gradual change in chemical shift from 0% to 70% EG
was observed (inset in Figure 1). The majority of cross
peaks showed chemical shift perturbations in the °N
and 'H dimension smaller than 0.6 ppm and 0.09 ppm,
respectively. Therefore we can expect only minor al-
terations in the three dimensional structure of CspB
even at 70% EG, a macroscopic environment which
has only 30% of natural water left. This finding was
confirmed by uniform far-UV circular dichroism spec-
tra at these EG concentrations (M.H. Jacob, M. Zeeb
and J. Balbach, unpublished results). There is no clear
correlation between the changes in chemical shifts
with secondary structure elements, solvent exposure,
and amino acid type or between the perturbation of the
respective 'H and N chemical shift of the amides.
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ISNRy, Ry, and {IH-15N} hNOE relaxation data at
various solvent viscosities

Relaxation data for 62, 61, and 56 backbone amides
out of 66 non-prolyl residues were obtained at 0%,
27%, and 70% EG, respectively. Ry, R» and hNOE
values of the CspB residues at the respective EG con-
centration are depicted in Figure 2 and listed in Tables
S1-S3 in the Supplementary Material to be obtained
from the corresponding author. The average Ri, R»
and ANOE values are 2.11 s~!, 8.19 s~ ! and 0.63 at
0% EG (500 MHz), 1.23 s~1, 12.77 s~! and 0.72 at
27% EG (600 MHz), and 0.76 s~1, 17.96 s~!, and
0.67 at 70% EG (600 MHz), respectively. Transverse
relaxation rates at 70% EG exhibit large uncertainties
because of a low signal-to-noise ratio in the spec-
tra. Averaged R; values decrease and averaged R»
values increase at increasing solvent viscosity as ex-
pected from a reduced tumbling rate of CspB in the
EG containing solvents.

Overall rotational correlation time and backbone
dynamics of CspB

The overall tumbling of the protein molecules can be
described by the rotational correlation time ty,, which
is proportional to the viscosity of the solvent for a
spherical rigid body (Einstein, 1905). A detailed ana-
lysis of 1, and the backbone dynamics of CspB at
various solvent viscosities were achieved by an exten-
ded Lipari—Szabo analysis (Clore et al., 1990; Lipari
and Szabo, 1982a, b) of the Ry, R and hANOE relax-
ation parameters. Using an isotropic tumbling model
(see Experimental procedures) we performed an iterat-
ive optimization schedule as described by Montelione
and coworkers (Feng et al., 1998; Li and Montelione,
1995). Model selection and the results of the optim-
ized motional parameters determined by the Lipari-
Szabo analysis depend significantly on the initial value
of the overall correlation time t,,. The latter can be
overestimated for example if the Ry values include
large chemical exchange contributions. Table 2 sum-
marizes the different optimization cycles starting with
an initial estimate of t, based on the average (R»/R1)
of all analyzed residues. The criteria for exclusion of
residues to improve the estimate of the overall correl-
ation time for every MODELFREE cycle are given in
the legend of Table 2.

The iteratively refined ty, times of CspB at three
different EG concentrations show a remarkably lin-
ear increase from 4.4 ns to 17.3 ns between 0% and
70% EG (Figure 3A). Plotting the relative rotational
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Figure 1. Contour plots of 2D IH-I5N HSQC spectra of CspB at 0%, 27%, and 70% ethylene glycol at 25 °C. NMR samples contained 1.5 mM
protein dissolved in 100 mM Na-cacodylate/HCI buffer with 7% D, O at pH 7.0 and the respective amount of ethylene glycol. The insets enlarge
the indicated section including four cross peaks. Their chemical shift positions at 0% EG are indicated by a cross in all three insets.
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Figure 2. 15N R;- and Ry-rates as well as heteronuclear NOE effects at 0% EG, 27% EG, and 70% EG. The relaxation data were recorded at
50.7 MHz (0% EG) and 60.8 MHz (27% and 70% EG) nitrogen resonance frequency. Black and grey bars indicate residues, which form the
five B-strands.
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Figure 3. (A) Overall correlation times ty, at different EG concentrations derived from the I5N relaxation data of CspB using the model-free
approach. The line represents a linear fit of the three data points. (B) Relative overall correlation times derived from (O) the ISN relaxation
data and (A) the diffusion experiments at different relative viscosities. The line with slope 1 indicates the theoretical viscosity dependence of
the correlation time from the Stokes—Einstein equation. Missing bars indicate that the symbol size exceeds the error.
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Figure 4. Generalized order parameters S2, chemical exchange contributions Rex and effective correlation times te of CspB at 0% EG, 27%
EG, and 70% EG revealed from the extended model-free analysis of the relaxation data of Figure 2. Error bars are given according to the Monte
Carlo simulations in MODELFREE. Black and grey bars indicate residues, which form the five $-strands.
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Table 2. Tterative optimization of averaged R,/R; ratios and corresponding overall
rotational correlation times Ty of CspB at 25 °C under various solvent viscosities

Sample Cycle (R2/Ry )2 Tm, init (ns) Tm,opt (ns)

CspB in 3.90° & 0.87 6.44 £ 1.12

0% EG 0 3.74¢ 4+ 0.25 6.27 + 0.30 6.27 £ 0.05
1 3.609 £0.17 6.12 +£0.24 6.02 +0.05
2 3.26° +£0.18 5.67 +£0.28 5.48 + 0.06
3 3.00f £+ 0.03 5.32 +0.03 521 +0.02
4 2.868 & 0.01 5.12 +0.02 434 £0.03
5 2.380 +0.01 4.35+0.02 432 4+0.02

CspB in 10.45 £+ 3.85 9.90 + 0.53

27% EG 0 11.00¢ £ 0.69 10.20 = 0.27 10.11 £0.04
1 10.854 + 0.66 10.12 £ 0.24 9.90 + 0.03
2 10.51° £ 0.56 9.95 +0.28 9.76 + 0.05
3 9.90f +0.59 9.59 + 0.28 9.56 + 0.06

CspB in 2531° £7.72 15.92 & 2.46

70% EG 0 27.91° +2.84 16.83 £ 0.89 17.39 £0.15
1 29.60¢ + 1.95 17.28 £ 0.58 17.27 £0.12

4The value (Ry/R;) is the mean ratio of Ry/R;.

PThe initial value of (Ry/R1)qn averaged over all 62 (0% EG), 61 (27% EG) or 56
(70% EG) analyzed amides.

€(Ry/R ) for 48, 45 or 47 amides for 0%, 27% or 70% EG, respectively, that satisfy the
criteria |[Ry/R1-(R2/R1 ) a1 <1 (0% EG), <1.5 (27% EG), <3 (70% EG). The excluded
residues are K7, W8, G14, V20, D24, D25, F27, H29, G37, V52, N55, T64, E66, A67
(0% EG), L2, K5, K7, S31, G35, E36, G37, K39, T40, G54, N55, R56, G57, T64, E66,
A67 (27% EG) or F27, H29, G35, E36, G37, K39, A61, T64, A67 (70% EG).

d(R2/R1 ) for 39 (0% EG), 41 (27% EG) or 40 (70% EG) amides from cycle 0 that were
fit with Rex <1.5 Hz. Therefore, additional to footnote ¢ excluded amides are 1.2, E3,
N10, G35, E36, T40, L41, F49, G57 (0% EG), G4, S11, 133, E42 (27% EG) or F9,
E21, Q23, 133, T40, Q45, R56 (70% EG).

€All of the R, values were corrected by subtracting the Rex values calculated in cycle
1: Ry corr = Rp-Rex. The resulting (Ra/Ry)ay) corr Values are 3.26 £ 0.18 (0% EG)
or 9.97 £ 2.78 (27% EG). (Ry/R) was derived using 44 (0% EG) or 53 (27% EG)
amides which obey the criteria [(Ry/R{)corr-(R2/R1)all,corrl <0.36 (0% EG) or <2.78
(27% EG). The excluded residues are F9, N11, G14, D24, D25, G35, E36, G37, F38,
T40, G44, E50, V52, G54, G57, A66, A67 at 0% EG and E36, G37, K39, G54, N55,
R56, G57, A67 at 27% EG.

fThe same criteria was used as in footnote e using the Rex values of cycle 2 for Ry cor-
rection ((R2/R1))all, corr Of 2.51 £ 0.20 or 9.56 4= 2.18 (or 0% or 27% EG, respectively).
(R>/R1) values were calculated with 53 or 56 amides for 0% or 27% EG, respectively.
The excluded residues are N11, D24, G35, E36, G37, F38, G54, G57, A67 for 0% EG
or E36, G37, G54, N55, A67 for 27% EG.

8The same criteria was used as in footnote e using the Rex values of cycle 3 for Ry
correction ({Ry/R1)all,corr = 2.82 & 0.20). (R/R1) values were calculated with 43
amides for 0% EG excluding residues N11, G16, 118, D24, V26, G35, E36, G37, F38,
Q45, E50, E53, G54, N55, G57, Q59, A60, A61, A67.

MThe same criteria was used as in footnote e using the Rex values of cycle 4 for Ry
correction ({Ra/R1)all,corr = 2.36 & 0.10). (Ry/R1) values were calculated with 49
amides for 0% EG excluding residues N11, G14, D24, G35, E36, G37, F38, V52, G54,
NS55, G57, E66, A67.

correlation time T/t as a function of the solvent
viscosity relative to water (n/ng), however, reveals a
deviation from linearity at 70% EG (open circles in
Figure 3B). The retarded tumbling of the 67 amino

acid residue CspB at 27% and 70% EG mimics about
the rotational correlation time of a 170 and 340 amino
acid protein in water, respectively. This is basically the
reverse approach of encapsulating proteins in reverse



micelles and dissolving them in low-viscosity fluids
(Wand et al., 1998).

The motional parameters derived from the exten-
ded Lipari—Szabo analysis (82 and Rey) of CspB at
the studied solvent viscosities are depicted in Fig-
ure 4. There are significant differences in the number
of best fit models for the three EG concentrations
listed in Table 3. At 0% EG most selected models
include chemical exchange terms Rex (model 3). At
higher solvent viscosities, simpler models are suf-
ficient to interpret the relaxation data and at 70%
EG model 1 dominates. Only a marginal number of
backbone amides required model 5, which assumes
a multiple time scale model of the internal motions
(Table 3).

The generalized order parameters are predomin-
antly independent of viscosity indicating that the amp-
litudes of internal motions are mainly independent
from the overall tumbling of CspB (Figure 4). Most
residues comprised in the five B-strands show S? val-
ues above 0.75 indicating a reduced flexibility of these
regions on a sub-nanosecond time scale. Slightly re-
duced order parameters were obtained for some back-
bone amides in the loops between P-strands P1/B2
and Bo/B3. Significantly reduced S? values as small
as 0.25, indicating large scale internal motion amp-
litudes, were determined for the long loops between
B-strands 3 and 4 and between B-strands 4 and 5 as
well as for the C-terminus.

The chemical or conformational exchange contri-
bution Rex to the R, relaxation rate is substantial at
low solvent viscosities (0% and 27% EG) throughout
the whole protein chain (Figure 4). R¢x contributions
remain to be seen in the flexible loops between strands
B2/B3 and B3/B4 up to 70% EG. The total number of
residues revealing Rex terms decreases from 55 at 0%
EG to 6 at 70% EG (see Table 3).

Effective correlation times t. account for addi-
tional fast internal motions of the protein. At the
lowest solvent viscosity, backbone amides t. contri-
butions range around 50 ps. With increasing solvent
viscosity t. values of most of these residues shift
values above 500 ps.

It should be mentioned that the dynamic paramet-
ers S2, T, and Rex of the structurally homologous
CspA protein from Escherichia coli show very sim-
ilar variations along the peptide backbone compared
to CspB at 0% EG (Feng et al., 1998; Li and Monteli-
one, 1995). CspA has a three residues extension at the
N terminus, where the lowest order parameters were
found.
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Table 3. Number for best-fit models for CspB
at various solvent viscosities after the iterative
optimization of the overall correlation time Ty

Model 0% EG 27%EG 70% EG
1 8 38
2 5 8 7
3 48 41 5
4 7 1 1
5 0 3 5

Translational diffusion and hydrodynamic radii of
CspB at various solvent viscosities

The Stokes—Einstein equation (D = kT/(67trm)) de-
scribes the viscosity (1) dependence of the diffusion
constant (D) of a spherical body (with radius r) in a
continuous fluid at a given temperature (7). The use
of the effective hydrodynamic radius Ry extends the
equation to more complex systems, where Ry is the
radius of a sphere with the same diffusion coefficient.
We determined Ry of CspB by NMR diffusion meas-
urements employing the PG-SLED pulse sequence.
Dioxan was used as an internal reference to estim-
ate Ry (Balbach, 2000; Wilkins et al., 1999) because
it does neither interact significantly with folded nor
denatured polypeptide chains (Jones, 1997). Table 4
summarizes the radii of CspB at four different solvent
viscosities. The internal referencing with dioxan cor-
rects as expected for the decreased diffusion at higher
solvent viscosities leading to a uniform Ry of CspB
at all four EG concentrations within experimental er-
ror. For a comparison with the rotational correlation
times derived from the !N relaxation analysis, the
hydrodynamic radii were converted into correlation
times (tg}ff) by the Stokes—Einstein—Debye equation
(8 = 4w R3n/(3kT)) (Debye, 1929) and plotted
in Figure 3B with filled triangles. The relative cor-
relation times T/t from the diffusion experiments
follow approximately the expected linear increase with
relative solvent viscosity.

Experimental determination of Rex contributions to
Ry

For the experimental verification of the chemical ex-
change contributions Rex to the transversal relaxation
rates, we determined Rg from the transverse 'H-1°N
dipolar /!N chemical shift anisotropy relaxation inter-
ference. The difference between R, and Rg (giving Rex
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Figure 5. Comparison of the chemical exchange rates of CspB
residues derived by (O) the Lipari—Szabo approach or (@) by the
dipolar/CSA relaxation interference. Error bars are only given for
the latter Rex values for clarity. They have been derived by error
propagation of the errors of Ry and Rg . Grey lines connect the open
symbols and black lines connect filled symbols. The small inset
shows a correlation of the Rex values derived from both methods
and a line with a slope of 1.

according to Equation 10) is plotted for the residues of
CspB at 0% EG with black filled symbols in Figure 5.
There is a significant correlation (r = 0.90) between
the experimentally derived chemical exchange rates
and the rates determined by the model-free approach
(open symbols in Figure 5).

Discussion

For a detailed investigation of the dynamics of the
cold shock protein CspB, we determined °N relaxa-
tion rates at various solvent viscosities. This approach
increases in principle the experimentally accessible
amount of data at constant magnetic field strength and
temperature to derive elaborate parameters of motion
from proteins. The solvent viscosity was adjusted by
ethylene glycol, which does not affect the structure of
CspB up to 70% EG, corresponding to an increase of
the macroscopic viscosity by a factor of 6.

Solvent viscosity versus microviscosity

The overall rotational correlation time T, is a sensit-
ive measure of the microviscosity, which determines
the tumbling of the protein molecules. The Stokes-
Einstein equation predicts that the relative correlation
time increases with the relative solvent viscosity with
a slope of one. This was indeed observed for CspB

between 0% and 27% EG (n/mo = 2). At 70% EG
(m/mo = 6), however, the correlation time is much
smaller than predicted, i.e. the protein tumbles faster
than expected from the macroscopic viscosity. We can
exclude that this apparent faster tumbling results from
a shift of the equilibrium between unfolded and fol-
ded CspB molecules towards the folded population by
the stabilizing effect of EG, because only 1% of the
molecules are unfolded at 0% EG. We suggest instead
that the microviscosity within the hydration shell of
CspB is smaller than the bulk solvent viscosity. As
a control, we calculated the relative correlation times
from the hydrodynamic radius of CspB derived from
translational diffusion experiments (Figure 3B). Di-
oxan was used as internal standard, where we have to
assume that its reference radius Rgliox is not affected
by EG (Jones et al., 1997). We found a uniform Ry
for CspB at four different EG concentrations (Table 4)
within the experimental error, which confirms our
assumptions. The absolute value of the calculated cor-
relation times from these hydrodynamic radii by the
Stokes—Einstein—Debye equation ('r:fﬁff) in pure water
is about 30% below the value derived from the N
relaxation rates, which might result from an overes-
timation of RId{iOX by Wilkins et al. (1999). Due to
the small Ry variations of CspB with viscosities, the
relative correlation times calculated from the diffu-
sion experiments (t‘fgff/ t?riffo) are proportional to the
bulk viscosity within experimental error. This indic-
ates that the microviscosity within the hydration shell
rather than the size of the protein plus hydration shell
determines the rotational tumbling.

Similar deviations of the rotational correlation
times from the Stokes—Einstein equations have been
observed by time-resolved absorption or fluorescence
anisotropy experiments of proteins in viscous media
(Lakshmikanth and Krishnamoorthy, 1999; Lavalette
et al.,, 1999). Seewald et al. (2000) studied the B1
domain of Streptococcal protein G between 0 °C and
50°C at six different temperatures by N NMR re-
laxation and extended Lipari—Szabo analyses. The
relative viscosity increases between 50 °C and 0 °C by
a factor of three. If we assume a linear increase of
Tm With the temperature between 50 °C and 0 °C, the
rotational correlation time at 0°C (n/ng = 3) is still
25% below the expected value (Seewald et al., 2000).
The authors could exclude in this study significant
contributions from chemical exchange by comparing
the R; rates and the transverse cross-relaxation rates
Nxy and could therefore exclude a possible bias of Ty



Table 4. Hydrodynamic radii of CspB at different solvent viscosities
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%EG  n(mPas)®  dprot dres Ry (&) Tl (ns)°
0 1.01 3.07 £0.10 20.65 £ 0.06 143 +05 3.0£0.3
27 1.99 1.76 &+ 0.06 12.55 £ 0.08 15.1+£05 7.0+0.7
52 4.12 1.58 +£0.04 10.86 & 0.04 14.6+04 131+ 1.1
70 6.25 1.26 +0.03 8.17 £ 0.07 13.7+0.6 16.4 +£2.2
3Solvent viscosities were measured with an oscillating capillary rheometer (Jacob et al.,
1997).
b_diff

T was calculated with the Stokes-Einstein-Debye equation <diff — 45 RI3_IT| /(3kT).

m

Table 5. Calculated chemical exchange contributions R3, to R, from the protein folding rates of CspB

at various EG concentrations

Residue  AdN (ppm)  Rex at 0% EG (s—1)

Rex at27% EG (s™1)  Rex at 70% EG (s™ 1)

w8 11.7 9.9 (9.5) 1.7 (1.5) 0.1(—)¢
V20 6.8 47 (5.8) 0.8 (0.9) 0.0 (—)
F27 8.0 6.1(7.2) 1.0 (1.2) 0.1 (—)

4Equation 12 was used to calculate the Rex contributions to R, with the experimentally used
Tcp = 1 ms and the following folding rates (Jacob et al., 1997; Schindler et al., 1995): k¢ = 1070 s~1

and ky = 14 s~ at 0% EG, kr = 1000 s~! and k, =2.3 57! at 27% EG, and ky = 160 s~ ! and ky =

0.1 s~ ! at 70% EG.

b The number in brackets represents the Rex value derived from the extended Lipari—Szabo analysis

(Figure 4).

“The extended Lipari—Szabo analysis revealed model 1 for all three residues at 70% EG and therefore

no Rex contributions to Ry.

according to changes of the R¢x contributions to R, at
increased solvent viscosities.

Protein hydration and preferential hydration of CspB
in water/EG mixtures

Ethylene glycol and polyols in general stabilize pro-
teins due to preferential hydration of the native state
compared to the unfolded state (Gekko, 1982; Ti-
masheff, 1992, 2002). Therefore, the stability of CspB
increases between 0% and 30% EG by about 5 kJ/mol
(Jacob et al., 1997). At higher EG concentrations, no
further stabilization was observed. In other words at
higher EG concentrations no further preferential hy-
dration of the folded state occurs compared to the
unfolded state. The EG dependence of the rotational
correlation time Tty presented here reflects another
concept, the difference in the solvent-cosolvent com-
position in the bulk solution and at the protein surface
of the native state, i.e., protein hydration (Timasheff,
2002). Nevertheless, some qualitative conclusions are
possible. At 27% EG, the cosolvent content at the sur-
face of CspB still represents the bulk solvent because
of the linear increase of 1y, expected from the Stokes—
Einstein equation. At 70% EG, the faster tumbling of

CspB than expected from the bulk solvent indicates a
higher water content in the hydration shell than 30%.
Concomitant with the stabilization of CspB at
increasing EG concentrations, both un- and refold-
ing get retarded (Jacob et al., 1997). This retard-
ation scales linearly with the solvent viscosity up
to 27% EG but becomes progressively stronger at
higher viscosities resulting in 25-fold decelerated fold-
ing at a relative viscosity of 6. A constant hydro-
dynamic radius of CspB at different EG concentrations
proves that CspB remains monomeric under this con-
ditions excluding oligomerization as possible reason
for strongly decelerated folding. One possible explan-
ation for this retardation came from pressure-jump and
high-pressure stopped-flow fluorescence experiments,
which revealed a very small but positive activation
volume for both, the un- and refolding reaction of
CspB (Jacob et al., 2002). The authors conclude that
the influx of water during the rate-limiting event of
unfolding gets possibly hindered by a high EG concen-
tration at the surface of CspB, which is not supported
by our results. An alternative explanation for retarded
un- and refolding would be that the transition state
of folding shows higher preferential hydration com-
pared to the native and unfolded state. It should be
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noted that a protein solved in 30% water and 70% EG
is a complex mixture with strongly deviating activity
coefficients from unity (Suleiman and Eckert, 1994).
For protein stability and kinetic protein folding studies
in such mixtures additionally the unfolded state and
the transition state of folding have to be considered.
Therefore, the strong deviations from linearity of the
decreasing rotational tumbling, the decreasing stabil-
ization of CspB, and the retardation of protein folding
at very high EG concentrations above 30% originate
possibly from different phenomena, which need to be
further investigated.

Internal motion of CspB at various solvent viscosities

An extended Lipari—Szabo analysis at three different
solvent viscosities allows an insight into the internal
motions of CspB. One of the prerequisites of this
model-free approach is the independence of over-
all tumbling and internal motion (Lipari and Szabo,
1982a). The overall tumbling varies between 4.32 ns
and 17.3 ns at the respective EG concentrations. Many
5N relaxation studies showed that among the five
parameters to describe internal motion (Sz, Rex, Te,
Sfl-, and Sf,) the most reliable results come from

the order parameter S> independent of the problem
to find the adequate model for the spectral density
function for each residue from statistical valuations
(Palmer, 2001). We found a consistent picture of the
amplitudes of subnanosecond internal motions at all
solvent viscosities for the respective secondary struc-
ture elements of CspB (S? values in Figure 4). Large
amplitudes were found for the long loops between f-
strand 3 and 4 as well as B-strand 4 and 5 and for the
C-terminus independent from the solvent viscosity.

In contrast, the derived correlation times for in-
ternal motion (t. values is Figure 4) varied at different
EG concentrations. t. is much less well defined by
NMR relaxation measurements compared to S with
typical errors up to 30-50%, especially when relax-
ation data were recorded at only a single magnetic
field strength. The spectral density functions of model
2 and model 4 (Table 1) reflect that t. values below
5% of the overall correlation time Tt as well as Te
values close to T, are poorly defined (Ernst et al.,
1996). Therefore, the absolute value of t,,, determines
the range, where 1. contributes to the spectral density
function. This explains why at 0% EG the majority
of the t. times range around 50 ps. The ‘observa-
tion window’ shifts up at 70% EG, where basically
all picosecond contributions vanish and the internal

nanosecond motions are well defined. As expected,
they are located in the loop regions between the five
B-strands and at the C-terminus. We did not observe
a gradual shift of the internal correlation times with
an increasing EG concentration. Therefore, we assume
that EG does not affect the internal motion.

A similar approach of shifting the ‘observation
window’ of t. by changing t,, via the solvent vis-
cosity has been followed by Lienin et al. to analyze
the '3C relaxation of 1,3-dibromoadamantane in poly-
chlorotrifluoroethene (Lienin et al., 1998). Unfortu-
nately, the authors found a heterogeneous environment
leading to at least two populations of molecules tum-
bling on a nano- and picosecond time range, respect-
ively, and could therefore not prove the principles of
this approach.

Millisecond motions of CspB originate from protein
folding

Chemical exchange contributions to the I5N R, rates
can be determined indirectly by an extended Lipari-
Szabo analysis, where Rex is the difference between
the experimental R; rates and the expected contribu-
tion from the fast motions on a nano- to picosecond
time scale (Equation 6). We determined the latter con-
tribution ( R(Z) ) experimentally at 0% EG from the trans-
verse 'H-PN dipolar/">N chemical shift anisotropy
relaxation interference and found a good correlation
for the derived Rex rates by these two methods.

Recent studies proved that very high protein fold-
ing rates on a millisecond time scale give rise to
these chemical exchange terms and that Rex rates from
relaxation studies can be used for quantitative meas-
urements of ultra fast protein folding rates (Burton
etal., 1996; Mulder et al., 2001; Tollinger et al., 2001;
Vugmeyster et al., 2000). Therefore, we calculated the
expected Rex rates for three residues of CspB from the
known protein folding rates at 0%, 27%, and 70%
EG (Jacob et al., 1997; Schindler et al., 1995) us-
ing the second right term of Equation 12. For these
residues, we can estimate the difference in chemical
shifts Adn between folded and unfolded state from a
ISN ZZ-exchange experiment (Farrow et al., 1994) at
3M urea (data not shown). Although we had to assume
urea independent A3y shifts, the calculated and exper-
imentally derived Rex rates at OM urea correspond well
(Table 5).

EG stabilizes CspB at 25°C and decreases both,
the un- and refolding rates (Jacob et al., 1997). There-
fore, the population of unfolded molecules drops with



increasing EG concentrations (1.3% at 0% EG, 0.2%
at 27% EG and 0.06% at 70% EG). Together with the
decreased folding rates, we expected no Rex contri-
bution from protein folding at 70% EG. Table 3 and
Figure 4 show indeed decreased Rqx rates at 27% EG
and only 6 remaining residues with Rex contributions
at 70% EG. Although we had much bigger uncertain-
ties for the experimental R, rates at 70% EG due to the
slower tumbling of the protein molecules (Figure 2),
the overall rotational correlation time could be optim-
ized in only one iteration cycle (Table 2), which is
another indication for missing Rex contributions to R
at very high EG concentrations.

Conclusions

In the present study we could show that a variation
of the solvent viscosity increases the amount of N
relaxation data to reveal a more detailed picture of
the dynamics of proteins. The deviation of the rota-
tional correlation time from linearity towards a faster
Brownian motion at 70% EG might be explained by
strong water hydration of the cold shock protein pre-
venting the uptake of 70% EG into the hydration shell.
Therefore, the rotational correlation time serves as a
sensitive measure for the local microviscosity. The
amplitudes of internal motions on a sub-nanosecond
time scale are only marginally affected if the over-
all tumbling decreases by a factor of 4. This proves
the independence of internal and overall motion of
the cold shock protein. The bulk viscosity allows
to determine the time scale, where the internal cor-
relation time contributes significantly to the spectral
density function. In the special case of CspB, pro-
tein folding rates on a millisecond time scale give rise
to different chemical exchange contributions to R, at
different ethylene glycol concentrations. For most pro-
teins, protein folding does not contribute to Rex due
to the low population of the unfolded state and lower
folding rates. Therefore, a joint fit of all relaxation
data at different viscosities should be feasible and a
variation of the magnetic field strength or the temper-
ature to increase the amount of input data for fitting
could be avoided. A higher amount of relaxation data
determined for one protein leads to a more reliable
model selection and decreasing errors for the para-
meters of internal motion. Finally, the use of small
proteins at high solvent viscosities mimics the tum-
bling of much larger proteins, which might help to
setup NMR experiments for large proteins.
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