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ABSTRACT. The temperature dependence of the backbone motiofsdherichia coliribonuclease Hl

was studied on multiple time scales ¥ nuclear magnetic spin relaxation. Laboratory frame relaxation

data at 285, 300, and 310 K were analyzed using the model-free and reduced spectral density approaches.
The temperature dependence of the order parameters was used to define a characteristic temperature for
the motions of the backbone NH bond vectors on picosecond to nanosecond time scales. The
characteristic temperatures for secondary structure elements, loops, and the C-termirilG0ére-300,

and ~170 K, respectively. The observed variation in the characteristic temperature indicates that the
energy landscape, and thus the configurational heat capacity, is markedly structure dependent in the folded
protein. The effective correlation times for internal motions do not show significant temperature
dependence. Conformational exchange was observed for a large number of residues forming a contiguous
region of the protein that includes the coiled coil formed by helicesandop. Exchange broadening in

the CPMG experiments decreased with increased temperature, directly demonstrating that the microscopic
exchange rate is faster than the pulse repetition rate of 1.2 ms. The temperature dependence of the exchange
contributions to the transverse relaxation rate constant shows approximately Arrhenius behavior over the
studied temperature range with apparent activation enthalpie@@f50 kJ/mol. Numerical calculations
suggest that these values underestimate the activation barriers by at most a factor of 2. The present
results obtained at 300 K are compared to those reported previously [Mandel, A. M., Akke, M., & Palmer,

A. G, 11 (1995)J. Mol. Biol. 246 144-163] to establish the reproducibility of the experimental techniques.

Ribonuclease HI (RNase H, EC 3.1.26.4) is an ubiquitous E. coli RNase H is a single-chain polypeptide of 155
endonuclease that hydrolyzes the RNA strand in RNDNA residues andM, = 17 600. Its three-dimensional structure
hybrid molecules (Stein & Hausen, 1969; Crouch & Dirksen, has been determined by X-ray crystallography (Katayanagi
1982; Crouch, 1990; Wintersberger, 1990). RNase H appearset al., 1990; Yang et al., 1990a; Katayanagi et al., 1992)
to participate in various aspects of DNA replication in diverse and nuclear magnetic resonance (NMRypectroscopy
retroviral, procaryotic, and eucaryotic organisnisscheri- (Yamazaki et al., 1993). As shown in Figure 1, RNase H is
chia coli RNase H inhibits replication from sites other than ana/g beta protein with fiven-helices, denoteda to o ,
oriC (de Massy et al., 1984; Horiuchi et al., 1984) and and a five-strande@-sheet, denote@; to 8s. The region
removes Okazaki fragments during lagging strand synthesisbetweenoc andop (residues 96-99) has been termed the
(Kitani et al., 1985). During reverse transcription of the viral handle region (Yang et al., 1990a), while the overlapping
genome, the RNase H domain of reverse transcriptase cleavegegion from residues 81 to 99 (including) has been termed
the tRNAYS primer required for minus strand synthesis the basic protrusion (Katayanagi et al., 1990). Mutagenesis
(Gilboa et al., 1979; Omer & Faras, 1982; Furfine & has implicated three invariant residues, Asp 10, Glu 48, and
Reardon, 1991; Smith & Roth, 1992), degrades the RNA Asp 70, which are located in a concave depression in the
template during or after minus strand synthesis'l{ivig et three-dimensional structure of the protein, as essential to
al., 1971), and removes the polypurine RNA primer during catalytic function (Kanaya et al., 1990). In addition, four
or after plus strand synthesis (Champoux et al., 1984; Huberhighly conserved residues, Ser 71, His 124, Asp 130, and
& Richardson, 1990). RNase H enzymes share sequencedsp 134, are clustered near the catalytic residues. Loops
and structural similarity (Doolittle et al., 1989). For example, betweenf; and j., betweenac and ap (the handle), and
Thermus thermophiluBNase H and the C-terminal RNase betweenfs and o have been suggested to participate in
H domain of human immunodeficiency virus (HIV) retroviral ~ substrate binding on the basis of mutagenesis (Oda et al.,
reverse transcriptase have 52% and 24% sequence identityl 993b), NMR spectroscopy (Nakamura et al., 1991; Oda et
with E. coli RNase H (Crouch, 1990) and strong structural al., 1993a), and model building (Yang et al., 1990a;
homology (Davies et al., 1991; Ishikawa et al., 1993c).  Nakamura et al., 1991; Katayanagi et al., 1992). A putative

binding site for a substrate phosphate group has been
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microsecond to millisecond time scales and are beginning
to correlate motions on these time scales with biological
function (Palmer et al., 1996).

B{; »

A comprehensive understanding of intramolecular dynami-
cal modes in proteins necessitates characterization of the
energetics and mechanisms of motions as well as time scales
and amplitudes. The temperature dependence of internal
motional processes contains important information on the
energetics of the dynamical processes and imposes con-
straints on possible mechanisms. Protein structure and
function are strongly temperature dependent, and this sen-
sitivity may result in part from internal dynamic processes
(Gurd & Rothgeb, 1979; Frauenfelder et al., 1991). Optical
spectroscopy (Frauenfelder et al., 1988) and X-ray crystal-
lography (Tilton et al., 1992) have provided rich insights
into the temperature dependence of protein dynamics and
have provided the primary experimental evidence for the
existence “conformational substates” in proteins. Investiga-
tion of the temperature dependence of nuclear spin relaxation
has a long history (Kowalewski, 1989, 1991); nonetheless,
the powerful heteronuclear NMR spectroscopic techniques
currently available have not been used to investigate the
temperature dependence of conformational dynamics in
proteins.

Ficure 1: Structure oE. coliRNase H. RNase H is aw/ protein
with five a-helices, denotedis to ae (residues 4358, 71-80,
81-88, 100-112, and 127142), and a five-stranded-sheet,
denoteds; to s (residues 413, 18-27, 32-42, 64-69, and 115

120) with topology 82t 11 4 5. The active site residues are shown
as spheres. The figure was drawn with the program MOLSCRIPT i . i .
(Kraulis, 1991) using the PDB coordinate file 1RNH. Previously, we described the dynamicskfcoli RNase

H at 300 K as derived frortPN spin relaxation measurements
identified 13.7 A from the catalytic site at the N-termini of at 11.7 T (Mandel et al., 1995). This study revealed that
oa andop (Yang et al., 1990a). As demonstrated by NMR RNase H has complex intramolecular dynamical properties;
spectroscopy (Oda et al., 1991) and X-ray crystallography in particular, motions on multiple time scales were observed
(Katayanagi et al., 1990, 1992, 1993), RNase H has at leastin the coiled coil formed by helices, andowp, in the putative

one metal cation binding site, involving side chains of Asn substrate binding loops, and in the handle region. More

44 and Glu 48, located near the loop betwegkrand f..
The stability of E. coli RNase H has been explored by
substitutingT. thermophilusequences into tHe. coli protein

recently, a similar study performed at 14.0 T has been
reported (Yamasaki et al., 1995b). In addition, solvated
molecular dynamics simulations of RNase H have been

sequence (Kimura et al., 1992a,b) and by other designedperformed in order to evaluate dynamic properties of
mutations (Ishikawa et al., 1993a,b). The folding pathway catalytically important residues that could not be quantified
of RNase H has been investigated by NMR hydrogen experimentally and to explain the physical basis for the

exchange measurements (Yamasaki et al., 1995a; Chambefayperimental results (Philippopoulos & Lim, 1995; Yamasaki
lain et al., 1996) and by examination of acid-destabilized g 5. 1995D).

states of the molecule (Dabora & Marqusee, 1994).

Measurements of nuclear spin relaxation in isotopically o
enriched proteins by NMR spectroscopy is a powerful
method for the study of intramolecular conformational
dynamics (Palmer, 1993; Wagner, 1993; Palmer et al., 1996).
In the most common approackN spin relaxation rate
constants are measured, whit€ spin relaxation is utilized
less frequently (Palmer et al., 1991; Mispelter et al., 1995;
Wand et al., 1996). Recently, promisifig spin relaxation
techniques have been reported (Muhandiram et al., 1995).
A variety of techniques have been developed to interpret spin Relaxation of amidéN nuclei is dominated by the dipolar
relaxation measurements in terms of intramolecular dynamicinteraction with the directly attachetH spin and by the
processes: the LipariSzabo model—fr_ee formalism (Lipari chemical shift anisotropy mechanism. Relaxation parameters
& Szabo, 1982a), the extended two-time-scale model (Clore are given by (Abragam, 1961)
et al., 1990b), spectral density mapping (Peng & Wagner, '

1992), and reduced spectral density analysis (Farrow et al., 5

1995; Ishima & Nagayama, 1995). Experimental studies can Ry = (d7/4)[J(wy—wy) + 3I(wy) + 6J(wy+oy)] +

be complemented by long~( ns) solvated molecular c? Jwy) (1)
dynamics simulations (Philippopoulos & Lim, 1995). These

experimental and theoretical studies have provided greatR2: (d2/8)[4J(0)+J(wH—wN) +3)(wy) + 63(wy) +

insight into the amplitudes and time scales of intramolecular )
dynamics on both the picosecond to nanosecond and the 6J(wytwy)] + (c76)[4J(0) + 3 (wy)] + Ry (2)

In the present study, the temperature dependence of
nformational dynamics on both picosecond to nanosecond
and microsecond to millisecond time scales in RNase H is
characterized from®N spin relaxation rate constants mea-
sured at 285, 300, and 310 K. In addition, the present results
at 300 K are compared with prior experimental NMR results
in order to establish the reproducibility of these techniques.

THEORY
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NOE = 1 + (d%4R) (y/7)[6)(@twy) — Awy—my)] ¢ 2 dog,
® @ ar ©

in which d = uohynyuBny3I(872); ¢ = wnAGIV/3; uo is
the permeability of free spacé;is Planck’s constantyy
and yn are the gyromagnetic ratios &fl and°N, respec-
tively; ryy = 1.02 A is the nitrogerhydrogen bond length;

which, in principle, can be calculated from statistical
mechanical considerations. A number of potential energy
functions have been presented for analysis of order param-
; 15 eters in terms of the partition function (Akke et al., 1993;
@y and oy are the Larmor frequencies 6ff and **N, Yang & Kay, 1996). If the N-H bond vectors are restricted
respectively; andAo = —160 ppm is the chemical shift  , o)l excursions within an axially symmetric parabolic

anisotropy measured fdfN nuclei in helical polypeptide potential, E(9)/(ksT) = 62T*/T (which may be regarded as
chains (Hiyama et al., 1988). The model-free formalism, ihe first term of an expansion), then

as described by Lipari and Szabo (1982a,b) and extended
by Clore and co-workers (Clore et al., 1990b), determines
the amplitudes and time scales of the intramolecular motions
by modeling the spectral density functial{w), as

S=Y(Q)=1- gmzm )

[ exp[=6°THT]sin0do

S 1-S)7, (S2—SHr 0= ==
Jw) = 2 i S+ 3 ; + 3 25 4) S exp[—0?T*/T]singdo T
5|1+ (07)” 1+ (w7) 1+ (w7'y
d1-9_3d_.. 3
in which 7'y = ts1/(tt + Tm), T's = Tt/ (Ts + Tm), Tm iS the dar Ed_'l'@ b= T * (©)

isotropic rotational correlation time of the moleculg,is _ _ _ _

the effective correlation time for internal motions on a fast in which kg is Boltzmann’s constant and@ * defines a
time scale defined by; < 100-200 ps,zs is the effective characteristic temperature for the dynamical process. The
correlation time for internal motions on a slow time scale of characteristic temperature describes the density of energy
~1 ns defined by < 75 < Tm, S2 = §2S?is the square of  States thermally accessible to the bond vectate( infra).

the generalized order parameter characterizing the amplitudeS shown by egs 69, order parameters are expected to
of the internal motions, ang?2 and S2 are the squares of decrease with increasing temperature, and the increased
the order parameters for the internal motions on the fast and@ccessible conformational space reflects an increase in
slow time scales, respectively. Generalized order parameteréPsolute entropy. The temperature dependence of order
represent motions that are described by dynamics on theP@rameters provides a strong constraint on proposed potential
picosecond to nanosecond time scale, with values rangingenergy functions and there_fore aids in characterizing the
from zero for isotropic internal motions to unity for energy landscapes of proteins.

completely restricted motion in a molecular reference frame. Internal correlatlo_n ;umes are r_neasured_less precisely than
order parameters if°N relaxation experiments and are

Akke et al. (1993) have demonstrated that the statistical gjfficult to interpret quantitatively. The temperature depen-
mechanical partition function for motions of an¥ bond  dence of the internal correlation times depends on whether
vector and the associated Gibbs free energy can be estimatethe microscopic dynamic processes are characterized by
from experimental order parameters. Yang and Kay (1996) activated, diffusional, power law or other kinetic models.
have utilized this approach to calculate the thermodynamic Herein, a simple phenomenological temperature dependence,
entropy for a number of quantum mechanical and classical 7,1 = 7471 exp(—EyksT), in whichty is the correlation time
partition functions and have demonstrated that simple modelat infinite temperature ané, is an activation energy, is
partition functions accurately reproduce entropies calculatedassumed.
from molecular dynamics simulations. In the following, a A phenomenological exchange terfRy, is included in
simple derivation is used to indicate the general form and eq 2 to account for chemical-exchange processes that
magnitude of the temperature dependence; a more detaileccontribute to the decay of transverse magnetization during
derivation will be given elsewhere. The order parameter, the CPMG pulse train in the experiment used to meaBure
S, is given by (Lipari & Szabo, 1982a; Henry & Szabo, (Bloom et al., 1965; Wennerstrg 1972). The following

1985; Brischweiler & Wright, 1994) expression approximates the effect of two-site chemical
exchange in a CPMG experiment (Luz & Meiboom, 1963):
2
£= Y ¥YHQIYQO _pp(A0)T 2 KexTop
m=-2 Rex - ke |.1 ke T tan 2 (10)
2 X X" Ccp
=1- zzagm Q) in which 7o, = 1.2 ms is the delay between T8pulses in
me=

the CPMG sequencéw is the difference in chemical shift

. . n . . . of the nucleus in the two conformational statles,— k-1/p;

in Whlch Y;(Q) are modified spherlcal' harmonlc_funct!ons = ki/p2, 1= p1 = 0.5 andp, = (1 — py) are the populations
(Brink & Satchler, 1968)Q2 = (6, ¢) defines the orientation  f the two conformational statels, is the forward exchange
of the N—H vector in a molecular reference frams,, is rate constant, ankl; is the reverse exchange rate constant.
the variance in the expectation value\gi(Q), and angular The dependence dR on ke is shown in Figure 2. This
brackets indicate ensemble averaging. The derivative equation is in close agreement with exact formulations
d</dT is simply (Allerhand & Gutowsky, 1965); numerical calculations
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FiGure 2: Chemical exchange contributions in CPMG experiments.

Mandel et al.

The model-free formalism utilized herein assumes that
overall rotational diffusion is isotropic. Recent work has
shown that rotational diffusion anisotropy of proteins can
be characterized froftN relaxation rate constants by direct
fitting of R/R; ratios (Tjandra et al., 1995; Zheng et al., 1995)
or by fitting local diffusion constants (Bsghweiler et al.,
1995). In the latter approach, a local diffusion constant,
= (6rmi) %, for theith residue is determined from th/R;
ratio by using eqgs 1, 2, and 4 under the conditi®hs= 1
and r; — 0. As described in more detail elsewhere
(Bruschweiler et al., 1995; Lee et al., 1996), the diffusion
tensor is determined by solution of the equation:

D,=¢e ADA ' (11)
in which g is the unit vector defining the orientation of the
ith N—H bond vectorA is the transformation matrix relating
the molecular reference frame (defined by the molecular
coordinate frame of the PDB file 1RNH) and the reference
frame defined by the principal axes of the diffusion tensor,
D is a diagonal matrix with valuedD(y, + D;)/2, Dx +
D;7)/2, and Dx« + Dyy)/2, andDyy, Dyy, andD,, are the three

constant,Rey, on the microscopic kinetic rate constaity, is

For an axially symmetric diffusion tensdByx = Dyy = Dp

illustrated for two-site exchange and arbitrary populations. The andD,,= D,. For a spherically symmetric diffusion tensor,

spacing between 18@ulses in the CPMG experiment g,. (b)

The relative accuracy of apparent activation barriers derived from

InRsx versus 1T is shown as a function of the dimensionless
parameteke,acp. Individual curves are given for populatiops of
0.5, 0.6, 0.7, 0.8, and 0.9 (from bottom to top).

Dy = Dyy = D;; = Diso.

As an alternative to the model-free approach, values of
the spectral density function at three frequenciess 0,
wn, and 0.87Quy, can be determined directly from the three
measured relaxation parameters by using the reduced spectral

comparing eq 10 with the exact equation (Jen, 1978; Davis density formalism (Farrow et al., 1995; Ishima & Nagayama,
etal., 1994) indicate that, for exchange parameters anticipatedL995). In this approach, simplified expressions for e

for 15N nuclei in proteins Aw < 4 ppm;Keae, > 1072), eq

relaxation parameters are obtained from eqgs 1, 2, and 3 by

10 is accurate to within 5%. The apparent exchange rateassuming that f{w)/dw is smooth betweew = wy + wy

constant is a maximum fde.ze, = 3.2; for slow exchange,

kextcp < 3.2, Rex approaches zero; and for fast exchange,

Kextep > 3.2, Rex = p1p2(Aw)?kex, Which is identical to free

andw = wy — wn.

R, = (d%4)[3)(w,) + 73(0.921w,)] + P(w)  (12)

precession exchange broadening. Exchange processes result

in detectable dephasing of the resonance sigtal ié within
approximately 2 orders of magnitude of 3@~ 2.7 x 1¢°
s1, and only if Aw > 0. Thus, Ry terms represent

conformational exchange processes that can be described on

the microsecond to millisecond time scale. ValueRgf

obtained at a single magnetic field strength and a single
temperature normally cannot be analyzed quantitatively
because the populations and chemical shifts of the confor-

mational states usually are unknown.

The temperature dependence R arises through the
Arrhenius equatiork; = k’exp[—EJ/(ksT)] and the Boltz-
mann distributiorp; = {1 + exp[~AG/(ksT)]} 7%, in which
k2 is a preexponential factoE, is the activation energy,
andAG is the difference in free energy between conforma-
tional states 1 and 2. Increasifigncreasek.x becausds,
> AG by construction. Ifke, > 3.2k, then increasing
decreaseRey; conversely ifkex < 3.2f¢p, then increasing
increasesR.. Thus, the sign of B./dT immediately

R, = (d%/8)[4J(0) + 3J(w,,) + 13)(0.9550,))] +
(c76)[4J(0) + 3)(wy)] + Rey (13)

NOE=1+ (d2/4R1)(yH/yN)[SJ(O.87QuH)] (14)

In the simplest case, eqgs 124 are solved by assuming
J(0.87Qwy) = J(0.921wy) = J(0.9550y); other approxima-
tions have been discussed elsewhere (Farrow et al., 1995).

EXPERIMENTAL PROCEDURES

Sample Preparation A T7lac expression vector (Studier
& Moffat, 1986) for RNase H was created by subcloning
the rnhA gene from plasmid pSK58 (gift from W. A.
Hendrickson) into the pET-21c plasmid (Novagen). The
polymerase chain reaction was used to amplifyrtited gene
from pSK58 and introducBldd andHindlll restriction sites
using chemically synthesized primer sequences (Genosys)
5-TGGAATTCATATGCTTAAACAGGTAG-3 and B-

indicates whether the microscopic exchange rate is faster orCCACAAGCTTAAACTTCAACTTGG-3 (restriction sites

slower than 3.2%,. In general, dIR.,/d(1/T) < |E4, both
due to the dependence pf on T and due to the effect of
the pulsing rate. Numerical calculations given in Figure 2
indicate that, forkex > 10/, apparent activation barriers
derived from the slope of plots of Ra versus 1T under-
estimateE, by less than a factor of 2.

are underlined). The amplified product was digested with
Ndd and Hindlll restriction endonucleases and ligated into
the corresponding restriction sites of the pET-21c plasmid.
Fidelity of the subclonedhhA gene was confirmed by DNA
sequencing (Columbia University Cancer Core Sequencing
Facility). The plasmid was used to transform the DL41-
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(DE3) E. coli strain (gift from W. A. Hendrickson).5N
isotopically enrichedE. coli RNase H was produced by
growing transformed cells at 3T in M9 minimal medium
containing 1 g/L*>NH,4CI and 40 mg/L*N-enriched me-

Biochemistry, Vol. 35, No. 50, 19966013

(Shaka et al., 1985) with a radio-frequency field strength of
1.25 kHz (measured as the reciprocal of the °3p0lIse
length).

Proton decoupling during the relaxation period Rf

thionine (Cambridge Isotopes) because DL41 is a methioninemeasurements was performed using a train of° J@@ses
auxotroph (Hendrickson et al., 1990). Protein expression applied at 4 ms intervals (Boyd et al.,, 1990). TRe
and purification were performed as described previously measurements were performed with a detgy= 1.2 ms
(Yang et al., 1990b; Mandel et al., 1995). Typical purified between'>N 180 pulses; proton decoupling was obtained
protein yields were 510 mg/L of culture. by applying 180 pulses synchronously with even spin echoes
NMR SpectroscopyAll experiments were performed on  during the CPMG pulse train (Kay et al., 1992; Palmer et
a Bruker AMX500 NMR spectrometer operating at'td al.,, 1992). A recycle delay of 1.5 s was used between
Larmor frequency of 500.13 MHz and &N Larmor transients in theR; and R, measurements; this delay is
frequency of 50.68 MHz. Samples were 1 Mi-enriched approximately three times the spifattice relaxation time
RNase H in 100 mM NaCgrD; buffer (Isotec) adjusted to  constant for the amide protons. TReandR, measurements
pH 5.5 in 90%/10% KO/D,O, 1 mM S-mercaptoethanol, were performed using a total of 32 transients ger
and 2 mM NaN. Solvent conditions are identical to those experiment (including sensitivity enhancement and quadra-
used previously (Mandel et al., 1995), except for the addition ture detection); 150« 4096 complex points were acquired
of f-mercaptoethanol. Sample temperature was controlledin the t; x t, dimensions. At 285 K, 15 spectra were
using the spectrometer VT unit; the VT air supply was recorded for théR; measurements, using parametric relax-
preconditioned to—20 °C by using a FTS Air-Jet (Model ation delays of 0.008X2), 0.200, 0.264x%2), 0.432, 0.640
XR-00007-A). The sample temperature was calibrated using (x2), 0.920 &2), 1.33 (x2), 2.11, 3.51 ¥2) s (duplicate
a 4% CHOH/96% CDR0OD sample and a calibration curve acquisitions are indicated by the2 notation), and 13 spectra
provided by Bruker Instruments. Data sets were processedwere recorded for th&, measurements, using relaxation
using Felix 2.30 (MSI) and in-house FORTRAN programs delays of 0.007x%2), 0.012, 0.022x%2), 0.031, 0.046%2),
on a Silicon Graphics Indigo workstation or Convex C2 0.065, 0.091, 0.137x2), 0.274 s. At 300 K, 11 spectra
computer. Backbone amide chemical shift assignments atwere recorded for thé&; measurements, using relaxation
285 and 310 K were obtained from the assignments at 300delays of 0.016%2), 0.216 2), 0.360, 0.544, 0.800x2),
K (Yamazaki et al., 1993; Mandel et al., 1995) by comparing 1.22, 2.61 «2) s, and 15 spectra were recorded for e
cross-peak resonances from two-dimensiéHat>N HSQC measurements, using relaxation delays of 0.002)(0.022
NMR spectra recorded at 285, 290, 295, 300, 305, and 310(x2), 0.036, 0.053 x2), 0.077, 0.106 x2), 0.146, 0.214
K. Ambiguities in HSQC spectra were resolved by exami- (x2), 0.461 «2) s. At 310 K, 13 spectra were recorded
nation of the NH/M and NH/H cross-peaks ifH—1N for the R, experiment, using relaxation delays of 0.01&],
TOCSY-HSQC spectra and sequental anddyn connec- 0.032, 0.160 %2), 0.272, 0.400 x2), 0.568, 0.824, 1.30,
tivities in TH—°N NOESY-HSQC spectra recorded at 285 2.40 (x2) s, and 13 spectra were recorded for tRe
and at 310 K. measurements, using relaxation delays of 0.002){0.014,
Relaxation MeasurementsSpin—Ilattice relaxation rate ~ 0.031 (x2), 0.050, 0.074 %2), 0.108, 0.151, 0.226x(2),
constantsRy), spin—spin relaxation rate constanf®}, and 0.451 s. Relaxation delays at 300 K were identical to those
{H} —15N steady-state heteronuclear Overhauser effectsused previously (Mandel et al., 1995).
(NOE) for the'>N nuclei in RNase H were measured by The NOE was measured from pairs of spectra recorded
two-dimensional sensitivity-enhanced proton-detected het-with and without proton saturation during the recycle delay.
eronuclear NMR spectroscopy using inversion recovery Proton saturation during the NOE experiments was obtained
(Vold et al., 1968), CPMG (Carr & Purcell, 1954; Meiboom by applying a GARP-1 pulse with a field strength of 1.64
& Gill, 1958), and steady-state NOE (Noggle & Shirmer, kHz for 4 s (Shaka et al., 1985). Control experiments,
1971) pulse sequences described previouslirdkbet al., without proton saturation, used recycle delays of 8 s at 285
1992; Skelton et al., 1993). The pulse sequence for theK, 12 s at 300 K, and 12 s at 310 K in order to minimize
steady-state NOE experiment incorporated the PEP-Z modi-saturation transfer from water protons (Skelton et al., 1993;
fication to eliminate relaxation differences between the Li & Montelione, 1994). A continuous wavéH radio-
coherence-transfer pathways used to refocus orthogonalfrequency field of 1.64 kHz was applied 200 ppm off-
magnetization components (Akke et al., 1994). Data were resonance for the last 4 s of the recycle delay in the control
recorded at 285, 300, and 310 K using a single RNase Hexperiments. The NOE measurements were performed using
sample. An additional set dk, and NOE measurements a total of 64 transients per experiment; 256x 4096
were recorded at 300 K using a duplicate sample. All complex points were acquired in thex t, dimensions. The
experiments were performed using spectral widths of 2.18 NOE measurements were performed in duplicate at each

x 12.5 kHz in thet; x t, dimensions. ThéH carrier was
set to the frequency of the water resonance, and'iNe

temperature.
Processing of relaxation spectra was done using the same

carrier frequency was set to 115 ppm. Hypercomplex three protocols described previously (Mandel et al., 1995).

quadrature detection was employed durigevolution

Briefly, protocol 1, used for well-resolved peaks, maximizes

periods (Marion et al., 1989b; Akke et al., 1994). The initial signal to noise by applying an exponential apodization
values of the; periods were adjusted to 0.5 of the value of function in the acquisition dimension and a Kaiser function
the increment to eliminate phase errors and baseline distor-in the indirect dimension (for the NOE experiment, only the
tions (Zhu et al., 1993). Short (G-8.5 ms) spin-lock purge  first 150 t; points were utilized). Protocol 2 enhances
pulses were used for water suppression (Messerle et al.resolution by applying a Lorentzian-to-Gaussian transforma-
1989). Decoupling ofSN spins during acquisition was tion in the acquisition dimension. Protocol 3 enhances
performed using the GARP-1 composite pulse sequenceresolution in both dimensions: a Lorentzian-to-Gaussian
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transformation is performed in the acquisition dimension; with hydrogen atoms built onto the heavy atoms using
for R, and R, data, thet; interferogram is extended by a INSIGHTII (MSI). Equation 11 was solved by least squares
factor of 2 with the HSVD linear prediction algorithm optimization for anisotropic, axially symmetric, and isotropic
(Barkhuijsen et al., 1987) prior to applying a Kaiser function; diffusion models. Alternative models were compared using
resolution in the indirect dimension of the NOE experiment F-statistical testing.
is accomplished by applying a Kaiser function to the full  values of the spectral density function at the frequencies
length of 256 points. A digital low-pass filter was applied ¢ = 0, wy, and 0.870wy were calculated from the three
to suppress the residual solvent signal (Marion et al., 1989a),measured relaxation parameters by inverting egs1#2 The
data were zero-filled once prior to Fourier transformation, value ofJ(0.87Qvy) was obtained directly fror®, and NOE
and a fifth-order polynomial baseline correction was applied ysing eq 14. Values od(0) and J(wy) were obtained by
in the acquisition dimension. substitution 0fJ(0.87Qu) = J(0.921wy) = J(0.955wy) into
Relaxation parameters were determined from peak heightsegs 12 and 13 (Farrow et al., 1995). The apparent value of
and uncertainties as described in Mandel et al. (1995). J(0) obtained by this procedure contains an additional
Duplicate spectra were used to determine peak heightcontribution equal to Bed(4d? + 3c¢? from chemical

uncertainties foR; andR, experiments (Palmer et al., 1991; exchange. Uncertainties were obtained by error propagation.
Skelton et al., 1993) and the standard deviations of the base-

plane noise were used to determine peak height uncertaintieRESULTS

for NOE experiments.R; and R, values and uncertainties ) )
were determined by nonlinear least squares fitting of the ~RNase H has 149 backbone amide groups expected to give
experimental data, and NOE values were determined as thd@Sonance signals fiti—*N HSQC spectra; however, weak
ratios of the peak intensities measured from spectra with and®" Overlapping resonances are difficult to quantitate for spin
without proton saturation during the recycle delay as réla@xation measurements. At 285 K, 121 of the expected
described previously (Palmer et al., 1991). Uncertainties in 149 residues were studied. Of these, 70 were quantified
the NOE values were obtained by propagating the uncertain-Using protocol 1 (exponential line-broadening apodization
ties in the peak heights (Nicholson et al., 1992). NOE in 2), 34 using protocol 2 (Lorentzian-to-Gaussian trans-
experiments were performed twice at each temperatureformation in ), and 17 using protocol 3 (resolution
studied; replicate measurements were averaged by using th€nhancement im, and Lorentzian-to-Gaussian transforma-
experimental uncertainties as weighting factors. An ad- tion in @z). At 300 K, 124 residues were studied: 66 were
ditional set ofR; and NOE measurements were performed guantified with protocol 1, 34 with protocol 2, and 24 with
on a duplicate RNase H sample at 300 K; the results obtainedProtocol 3. At 310 K, 123 residues were studied: 96 were
were averaged by weighting with experimental uncertainties. quantified using protocol 1, 12 using protocol 2, and 15 using
Data Analysis. The same five dynamical models utilized Protocol 3. Broadening of the peaks at 285 K due to an
previously (Clore et al., 1990a; Mandel et al., 1995) were increase in the global tumbling timeide infra) reduced
used to fit the experimental data. These models consist ofSignal-to-noise ratios and increased resonance overlap, thus
the following subsets of the extended model-free parametersrendering quantification more difficult at this temperature.
ineq4: (1) (2) R te=1; (3) S Rex (4) P, 7e = 11, A greater nl_meer of regdues were quant_lfled at 300 K
Rec and (5)S2 S 7 = 15, wherer, refers to the internal ~ compared with the previous study (118 residues) (Mandel

time-scale parameter. Model 1 assumes 8t 1 andz et al.,, 1995). In total, 109 residues were quantitated at all
— 0. Model 2 is the original formulation of Lipari and Szabo three temperatures, 116 residues were quantitated at both 285

(1982a). Models 3 and 4 are derived from models 1 and 2 and 300 K, 112 residues were quantitated at both 285 and
by including a nonzero chemical-exchange contributiR, 310 K, and 117, residues were quantitated at both 300 and
Model 5 is obtained by assuming only that— 0. Al 310 K Residues Glu 32,_Ile 53, and Glu 6_4 could be
models assume a single isotropic rotational correlation time, uantified only at 285 K; residues Asn 16 and His 124 could
tm. Model-free parameters were determined from the P& quantified only at 300 K; and residues Gin 4, Gin 76,
relaxation data by using the in-house FORTRAN program TP 85, and Ala 137 could be quantified only at 310 K.
Modelfree (version 3.1) (Palmer et al., 1991). Parsimonious The relaxation data for all three temperatures are given in
motional models for each bond vector were selected by the Supporting Information. The 10% trimmed weighted
F-statistical testing as described previously (Mandel et al., mean results at 285, 300, and 310 K were respectively 1.132
1995). The form of thé-statistic defined by Mandel et al. £ 0.004, 1.578t 0.002, and 1.86& 0.002 s* for Ry; 16.42
(1995) properly accounts for the number of degrees of + 0.05, 10.84+ 0.02, and 8.9% 0.01 s for R,; and 0.722
freedom associated with different models and has greater+ 0.007, 0.741 0.005, and 0.736 0.002 for NOE. The
statistical power than other formulations (Yamasaki et al., 10% trimmed weighted average value of R#R; ratio was
1995b). Statistical properties of the model-free parameters14.53+ 0.06 at 285 K, 6.86t 0.01 at 300 K, and 4.8%
were obtained from Monte Carlo simulations using 300 0.01 at 310 K. In general, the data taken at 285 K had-2
randomly distributed synthetic data sets (Palmer et al., 1991).fold less precision than at 300 or 310 K, reflecting the lower

The rotational diffusion anisotropy of RNase H at 285, Signal to noise at 285 K due to increased line widths. The
300, and 310 K was determined using relaxation rate mean results at 300 K differ slightly from the corresponding
constants for 37 residues that are located in secondaryresults of 1.502+ 0.003 s* for Ry, 11.28+ 0.03 s* for R,,
structural elements, were fit by motional models 1 or 2, and and 0.812+ 0.008 for NOE reported in Mandel et al. (1995).
were quantified at all three temperatures. Local diffusion The difference in the NOE result is a consequence of the
constantsD; = (6tm) L, were determined from thB,/R; 2—3-fold longer recycle delays used in the NOE experiments
ratios @|de Supra, and the unit vectorsg, that define the in the present StUdy (mlnllelng saturation transfer effects).
orientation of the N-H bond vectors were calculated from Relaxation data were fit by motional models 1 through 5,
the atomic coordinates of RNase H in the PDB entry 1RNH respectively, for 64, 12, 30, 0, and 1% spins at 285 K;
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55, 10, 40, 1, and 18 spins at 300 K; and 49, 17, 39, 4, andG. Palmer, unpublished results). Analysis of ByR; ratios
14 spins at 310 K. Model selection at 300 K in Mandel et using the local diffusion approach indicates that the rotational
al. (1995) yielded 67, 9, 29, 2, and 9 spins for models 1 diffusion tensor for RNase H is axially symmetric with/
through 5, respectively. Quality of the model selection and Dy = 1.12 + 0.02; the unique axis in the diffusion tensor
fitting was assessed by examining the residual sum squareframe is oriented with9 = 82 + 4° and¢ = 152 + 3°
error for each spin. For model 1, the= 0.05 critical value relative to the molecular frame of the PDB coordinate file
is ~6.0; for models 2 and 3, the = 0.05 critical value is 1RNH. Possible effects of rotational diffusion anisotropy
~3.8; and for models 4 and 5, the residual sum square erroron the present results are discussed below.
is required to be 0. At 285 K, 109 of the 121 nuclear spins  Numerical values of the model-free motional parameters
had residual sum square errors less tharutke0.05 critical at all three temperatures are given in Supporting Information
values (or zero for models 4 and 5), 4 had residual sum and are depicted graphically in Figure 3. Mean order
square errors slightly larger than the= 0.05 critical values, parameters for secondary structural elements are given in
and 8 had residual sum square errors in the rangks9 At Table 1. The order parameters and the chemical-exchange
300 K, 110 of the 124 nuclear spins had residual sum squarerate constants are mapped onto the structure of RNase H in
errors less than the = 0.05 critical values (or zero for  Figure 4. While the overall pattern of order parameters is
models 4 and 5), 9 had residual sum square errors slightlysimilar at all three temperatures, the weighted mean order
larger than thex = 0.05 critical values, and 5 had residual parameter for secondary structure elements of 0280002
sum square errors in the range-1118. At 310 K, 95 of the at 285 K, 0.853+ 0.001 at 300 K, and 0.85% 0.001 at
123 nuclear spins had residual sum square errors less thar310 K displays a slight decrease with increasing temperature.
theo = 0.05 critical values (or zero for models 4 and 5), 15 Temperature dependence of the order parameters for selected
had residual sum square errors slightly larger tharotive structural elements is shown in greater detail in Figure 5.
0.05 critical values, and 13 had residual sum square errors A graph of 1— SversusT is illustrated in Figure 6a for
in the range 9-20. secondary structural elements, for residue Gly 126 in the
The model selection strategy yielded the same motional loop betweenss and ag, and for residue Gin 152 at the
model at 285, 300, and 310 K for 71 of the 109 residues C-terminus. Values of d(x S)/dT for the 71 residues
that were quantified at all three temperatures. Most differ- quantified with the same motional model at all three
ences in motional models for the other 38 residues involved temperatures are given in Figure 6b. The slope of the least
the addition or removal of one parameter at either 285 or squares lines yields an average &{159/dT = (4.1 £ 0.6)
310 K relative to 300 K. In addition, Arg 27, Arg 46, Arg x 10* K1 for secondary structural elements. A slight
75, Ala 93, Trp 120, Ala 141, and Asn 143 were fit with the systematic anti-correlation is observed between the temper-
same model at 285 K and at 310 K, but with the addition or ature dependence of chemical-exchange and the order
removal of one parameter at 300 K. Two residues, Gly 20 parameters:fde infra); this effect is seen most clearly for
and His 114, show larger discrepancies between tempera+esidues irp, in which d(1— S)/dT is negative. If residues
tures. Gly 20 is fit with model 5 at 300 K and with model fit with chemical-exchange terms (models 3 and 4) are
1 at both 285 and 310 K. Gly 20, in general, is anomalous, excluded, then the average d{1S)/dT = (5.9 &+ 0.7) x
in that the sum squared error at 310 K is large (12.43) and 104 K1 for secondary structural elements. The C-terminal
also that a substantial number of Monte Carlo simulations and loop regions display a slightly greater temperature
(191/300) do not converge at 300 K. His 114 is fit with dependence than secondary structure elements: the average
three different models: model 1 at 285 K, model 3 at 300 values of d(1— S)/dT are (1.64= 0.2) x 103 K™ for Lys
K, and model 4 at 310 K. Residues Met 47 and lle 53, 91, Thr 92, and Lys 95 in the handle region; (2:10.3) x
located inaa, gave elevated, but acceptable, residual sum 103 K1 for residues Gly 123, Ala 125, Gly 126, and His
square errors for model 1 at 285 K but were fit with model 127 in the loop betweefis andag; and (3.6+ 0.1) x 1073
3 at 300 and 310 K. In order to determine the temperature K~* for residues GIn 152, Glu 154, and Val 155 at the
dependence oR.x terms for residues i and ap (vide C-terminus.
infra), model 3 was used to analyze the data for Met 47 and  The effective internal correlation times for both fast (model
lle 53 at all three temperatures. When model 3 is used 2 and model 4) and slow (model 5) time scales are
instead of model 1, the order parameters change at 285 Kindependent of temperature within experimental uncertainties.
from 0.982+ 0.027 to 0.92°A 0.044 for Met 47 and from  Phenomenological Arrhenius plots ofrlnversus 1T (not

0.906+ 0.031 to 0.828+ 0.046 for lle 53. shown) indicate that activation energies less thd® kJ/
After final optimization with the selected dynamical model mol cannot be distinguished statistically from zero for
for each nuclear spin, the global value @f was 14.38+ residues fit with model 27t = t5), and activation energies

0.04 ns at 285 K, 9.28 0.02 ns at 300 K, and 7.36 0.01 less than~5 kJ/mol cannot be distinguished from zero for
ns at 310 K. The value of, at 300 K agrees with the residues fit with model 51¢ = 7).

previously determined value of 9.60 0.02 ns (Mandel et Figure 3 shows that the magnitudes of tRg terms

al., 1995) to within 4.4%. For a spherically symmetric generally decrease with increasing temperature for residues
moleculer, = Vy/(kgT), in whichV is the hydrated volume  fit with models 3 and 4. Thus, the exchange rate must satisfy
of the molecule and; is the viscosity of the solution. A ke > 3.2, = 2.7 x 10° s™1. Most residues i andop

least squares fit yieldg = (4.544 0.03) x 1072°cm® (r = are fit with model 3 to account for chemical-exchange
0.981) and a hydrated radius of 2241 0.1 A. Hydro- broadening due to motions on the microsecond to millisecond
dynamic calculations using the program HYDRO (Garcia time scale. For the nine residuesdn fit with model 3 at

de la Torre & Bloomfield, 1981) with stick boundary all three temperatures, the weighted mean valud2.0oére
conditions (Cantor & Schimmel, 1980) indicate that25 255+ 0.26 st at 285 K, 1.47+ 0.09 s at 300 K, and
waters of hydration are required to reproduce the experi- 1.01 + 0.05 s?! at 310 K. For the eight residues
mental rotational diffusion coefficients (L. K. Lee and A. studied at all three temperatures, the weighted mean values
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Ficure 3: Dynamical parameters fd. coli RNase H. Order parametei®, are plotted versus residue number at (a) 285 K, (b) 300 K,
and (c) 310 K; internal correlation times, are plotted versus residue number at (d) 285 K, (e) 300 K, and (f) 310 K; and phenomenological
CPMG chemical exchange rate constaRts, are plotted versus residue number at (g) 285 K, (h) 300 K, and (i) 310 K. At 285 K, the value
of Rex for Lys 60 is 23+ 4. At 300 K, the resonance for Lys 60 is overlapped with the resonance for lle 7 and cannot be quantified. Error
bars are not shown for (a)c) for clarity; average uncertainties & are 0.024, 0.011, and 0.010 for 285, 300, and 310 K, respectively.
Dark rectangles represefitsheet regions and hatched rectangles reprasémical regions of RNase H.

Table 1: Order Parameters for Secondary Structural Elements

(B0
2nd stp sequence 285K 300 K 310K
Jolt 4-13 0.869+ 0.008 (8) 0.863t 0.004 (7) 0.83Gt 0.003 (9)
o 18-27 0.900+ 0.008 (9) 0.874+ 0.003 (9) 0.866+ 0.003 (9)
Bs 3242 0.861+ 0.006 (10) 0.848t 0.002 (9) 0.838t 0.002 (9)
o 43-59 0.868+ 0.008 (13) 0.856t 0.003 (13) 0.860Gt 0.002 (13)
Pa 64—69 0.895+ 0.011 (6) 0.864t+ 0.004 (5) 0.88H- 0.005 (4)
oB 71-80 0.932+0.014 (4) 0.893t 0.005 (5) 0.867 0.004 (6)
oc 81-88 0.900+ 0.008 (7) 0.856+ 0.003 (7) 0.842+ 0.002 (8)
op 100-112 0.840+ 0.010 (9) 0.835t 0.002 (12) 0.849 0.003 (12)
Ps 115-120 0.838+ 0.009 (6) 0.806+ 0.004 (6) 0.807 0.004 (6)
O 127-142 0.905+ 0.006 (12) 0.865t 0.002 (13) 0.872t 0.002 (14)

aSecondary structure designations are from Yang et al. (1999¢¢ighted mean order parameter and standard error in the mean, calculated

from the data in Table S2. The number of residues averaged for each entry is given in parentheses.

of Rexare 2.55+ 0.30 st at 285 K, 1.614 0.087 s* at 300
K, and 1.204- 0.05 s at 310 K. Residues lle 82 and Lys

present data. Differences for six residues involved addition
or subtraction ofre = 77 as a parameter. The present mean

86 in ac and Trp 90 and Lys 91 in the handle region also secondary structure order parameter of 0.853.001 at 300
were fit with model 3 at all three temperatures. Arrhenius K agrees well with the value of 0.854 0.002 reported
plots of IR versus 1T, shown in Figure 7, were used to previously by Mandel et al. (1995). The weighted mean

determine an apparent activation enefgy for each residue

difference = sample deviation) between the new and original

undergoing exchange. The activation barriers are presentediata sets for 113 residues (including loops and termini) is
in Table 2. The weighted mean activation barriers are 33 —0.012+ 0.016. The-statistic for the differences in order

+ 3 kd/mol forox and 23+ 3 kJ/mol forap.

parameters between two data sets is definetl=a{S? —

Figure 8 presents the difference between the order $?)(o2? + 019 ~Y2 with one degree of freedom, in whieh
parameters and chemical-exchange terms obtained in theando, are the sample deviations. A similar expression can
present study and the results reported previously by Mandelbe written for Rex. A two-tailed t-test indicates that 11
et al. (1995). Of the 113 residues quantitated in both studies,residues (Cys 13, Gly 30, Glu 61, Ser 71, Trp 81, Ala 125,
77 were fit with the same motional model. Nine residues, Arg 132, Asp 134, Val 153, Glu 154, and Val 155) differ

Leu 2, Cys 13, Leu 14, Gly 20, Gly 30, Gly 123, Ala 125,

significantly at a confidence level = 0.20 ¢ = 3.08) and

Gly 126, and His 127, located in loops or termini, were fit 2 residues (Asp 134 and Val 155) differ significantly at a
with model 1 or 2 in the original data but model 5 in the confidence levett = 0.10 ¢ = 6.31). Eleven residues were
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Ficure 4: Stereoviews of the backboné €hain trace oE. coliRNase H. (Left) The structure is color-coded by the value of the generalized
order parameters at (top) 285 K, (middle) 300 K, and (bottom) 310 K. The color scheme i§0#16,85; and yellowS < 0.60. Colors

are interpolated continuously for intermediate valuesof(Right) The structure is color-coded by the value of the chemical-exchange
terms,Rey, at (top) 285 K, (middle) 300 K, and (bottom) 310 K. The color scheme is IRyes 0.0 s'1; and yellow,Rex = 2.0 s'1. Colors

are interpolated continuously for intermediate valueRRgf Residues for which motional parameters were not determined are colored
charcoal. The structure coordinates were obtained from the PDB entry 1RNH (Yang et al., 1990a). Four C-terminal residues not observed
crystallographically were built onto the structure in an extended conformation using INSIGHTII (MSI). The figure was prepared using
GRASP (Nicholls et al., 1991).

fit with Rex in the present data but not in the original data; and, in the absence of chemical exchanifé) is a linear
ten residues were fit witRe in the original data but notin  function of & with sloper, Consequently, as shown in
the present data. The majority of these residuesaagrms Figure 9d, the slope of a plot d{0) versuss decreases as
less that 1 st. For 22 residues fit with models 3 or 4 in the temperature is increased, and chemical-exchange in-
both data sets, the weighted mean differentesample creases)(0) above the canonical line. Becaus@fm)? >
deviation) between the new and original data—i8.30 + 1, J(0.87wn) ~ (1 — D[l + (wnte)?. At a magnetic
0.48. Met 1421= 2.8) was the only residue withtastatistic field strength of 11.74 T, dynamic processes with< 100
greater than 2.0. ps and processes with ~ 1 ns coincidentally generate
Values of the spectral density functio¥(0), J(wn), and similar values forJ(0.87wy). Consequently, a linear depen-
J(0.87wy), at 285, 300, and 310 K, derived using the reduced dence betweed(0.87wy) and & is observed in Figure 9f,
spectral density mapping procedure (eqs-12), are given in which J(0.87wy) is increased for residues with significant
in Figure 9. Values ofJ(0) decrease with increasing conformational dynamics on picosecond to hanosecond time
temperature due to the decreased rotational correlation timescales. Terms proportional 8 and to 1— S in the spectral
at higher temperatures. As a consequence of the normalizadensity function become comparable fifwy) if 7o = 7 =
tion of J(w), the values of the higher frequency terrd@yn) 1 ns and simple linear dependence betw#en,) andS’ is
andJ(0.87wy), necessarily increase with increasing temper- not obtained for those residues fit with model 5 in the model-
ature. Becausem > Te, J(0) & Sty + 6Re/(4d? + 3c?) free analysis.
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DISCUSSION that have lower order parameters in the presen.t_da_ta set. The
loop betweerfs andoe displays enhanced mobility in both
Comparison with Preious Results. Despite the fairly studies, but residues Lys 122 £ —1.50), Gly 123 { =
large number of backbon®N spin relaxation studies of —1.38), Ala 125(= —4.34), Gly 126 {= —1.94), and His
proteins that have been reported in the literature (Palmer,127 ¢ = —1.43) have lower order parameters in the present
1993; Wagner, 1993), the reproducibility of the experimental study. These residues were fit with models 1 or 2 in Mandel
results has not been tested directly. Independent data setet al. (1995) and with model 5 herein. Asp 0= 1.20)
now have been reported for RNase H at 300 K by Mandel and Ser 71t(= 3.22) have higher order parameters in the
et al. (1995), by Yamasaki et al. (1995), and in the present present data set. In addition, a large chemical-exchange term
study. These three data sets present the first opportunity towith high uncertainty (4.6: 1.4 s'*) was obtained for Ser
evaluate reproducibility within and between laboratories. A 71 in Mandel et al. (1995), but no chemical-exchange terms
quantitative comparison of experimental and computational were observed in the present data. The resonance signal from
results will be presented elsewhere (Philippopoulos et al., the conserved active site residue Glu 70 was too weak and
1996); herein, the major conclusions derived from the broad in the initial study to be quantitated; in the present
comparison between the present data and the previous datatudy, this residue reports an order parameter of 0832
reported by Mandel et al. (1995) are summarized. 0.016. All of these residues are either active site residues
As presented above, order parameters for 111 of the 113or are located in loops considered important for substrate
residues quantified in both data sets agree within experi- binding. These residues have very weak amide resonance
mental uncertainties at the = 0.10 confidence level and signals in the original data set (generally yielding model-
102 agree at thee = 0.20 confidence level. The between- free parameters with high uncertainties) and substantially
sample reproducibility of 0.016¥2 = 0.011 is similar to sharper and more intense signals in the new data set
the uncertainties derived from the error analyses performed(generally yielding model-free parameters with low uncer-
for each data set individually, as part of the model-free tainties). One hypothesis consistent with these observations
analysis. This result suggests that experimental uncertaintiess that the active site residues and residues in loops
are being evaluated appropriately during data analysis. Threesurrounding the active site were exchange broadened in the
regions of the protein contain residues with consistently large original sample of RNase H by reversible binding of a small
absolute deviations (but large uncertainties) between the twoionic or molecular species.
data sets: the loop betwegnandj3,, the loop betweefis In the experimental protocol utilized herein, chemical
andag, and residues Asp 10 and Ser 71 in the active site. exchange is recognized as a systematic increaie aver
The loop betweef; andf; contains three residues, Cys 13 values predicted for dipolar and chemical shift anisotropy
(t = —3.54), Leu 14 (= —2.60), and Gly 15t(= —2.03), relaxation measurements. Consequently, the accurdey of
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selected structural elements B. coli RNase H. Shown are
Arrhenius plots of IR, versus 1T for (a) residuesM) Leu 49,

5.00 | Table 2: Apparent Activation Energies for Chemical Exchange
residué 2nd stP Ea (kJ/moly x4
T Asn 44 0a 25417 0.2
CA Met 47 o 14+ 23 0.7
% Leu 49 Qaa 46+ 9 4.4
o Met 50 oA 37+ 10 2.4
Ala51 oA 26+ 16 0.9
1.00 Ala 52 0a 36+5 2.8
Ala 55 oA 8+ 11 0.1
Leu 56 oA 33+8 3.8
10.00 Leu 59 oA 21+8 0.5
[ lle 82 oc 38+ 10 4.6
Lys 86 ac 284+ 14 0.1
— Trp 90 handle 52-6 1.9
Y Lys 91 handle 43t 7 0.1
~ Asn 100 Qap 41411 0.2
b Val 101 ap 207 0.8
24 Leu 103 Op 24+ 8 0.1
1.00 [ Trp 104 op 32+9 0.7
Arg 106 op 22412 0.2
Leu 107 op 22+12 0.5
Ala 109 op 30+ 10 0.2
Leu 111 op 6+8 0.7
3.00 ¢ a Residue number for residuesda, oc, op, and the handle region
= exhibiting significant chemical exchange at 285, 300, and 310 K.
w b Secondary structure designations are from Yang et al. (1990a).
~ 2.00} ¢ Apparent activation energy derived from least squares fits to the
x R N . " s
o Arrhenius equation as shown in Figure?%? statistic from least squares
« fit. A value less than 3.8 indicates a satisfactory fit at ¢the= 0.05
confidence level.
1.00
3.2 3.3 3.4 3.5 C LU e L LA L B L LA LR B
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Ficure 7: Temperature dependence of chemical exchange for 2.0 - —

(s

() Leu 56, and ¥) Leu 59 ina,; (b) residuesm) Trp 90 and &) x

Lys 91 in the handle region; and (dl Leu 103, ) Leu 107, c Lok

and () Leu 111 inop. Apparent activation energies derived from Tl

the slope of the graphs are given in Table 2. For clarity, error bars .2.0 H

are only shown for (b). s0 L

values has long been of concern, and in particular, control YY) PRI ARV IR B I S IR B S
calculations have been utilized to gscertain whether values T

of the order parameters and chemical-exchange terms were S
correlated during the numerical analysis of relaxation data - b ]
(Mandel et al., 1995). The present data provide the first 2T ]
direct evidence for the reproducibility of chemical-exchange 0.2 - ]
terms. Three conclusions are evident from the comparison 0.1 - .

between the present and original data at 300 K. (1) Small «, x H b0 hdn i ' # ]
values ofRex < 0.5 s are not robustly identified by the 3 0 r l'ﬂ F‘I I lﬁf”"ﬁuqﬁ '!Mjh‘

model selection protocol and should be interpreted with 0 ]
caution. (2) The statistical reproducibility 8 terms that -0.2 | ]
are consistently identified by the model selection protocol 0.3 |- i
is 0.48 s1/2¥2 = 0.34 s! and is similar to the statistical S T T T
uncertainty measured from individual data sets; most of these "6 20 40 60 80 100 120 140 160
residues havdRex > 1.0 s and can be interpreted with Residue

confidence. (3RexandS are slightly anticorrelated by the  Figure 8: Comparison of (a) order parameters and (b) chemical-
numerical analysis; thus, order parameters are somewhagxchange terms for independent data sets. Shown are the differences

artifactually reduced for residues exhibiting laigg values. between the present data for 300 K and data from Mandel et al.

Assuming that the true value of d( S)/dT for a andap (1995). In (a) residues for whicRex was fitted in both data sets

. | to th lue f th d truct are indicated by dark bars; residues for whigly was fitted in

IS equal 1o the average value for other seconaary StruClUreS,,y gne data set are indicated by hollow bars.

in the absence of exchange, then the valu&ad$ reduced

by (0.0184+ 0.004Rey. protocol can introduce artifactusy terms to compensate
RNase H has an axially symmetric diffusion tensor with for the effect of anisotropic diffusion. For RNase H at 285,

D\/Dp = 1.12; thus, the values &% for residues with N-H 300, and 310 K, values d®, less than 1, 0.6, and 0.5%

vectors preferentially oriented along the direction defined respectively, may arise from anisotropic diffusion rather than

by D, are potentially increased by as much~&% compared  actual chemical exchange. The principal conclusions derived

with the result for an isotropic sphere. The data analysis from the temperature dependence of conformational ex-
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Ficure 9: Reduced spectral densities flér coli RNase H. Values of (aJ(0), (b) J(wn), and (c)J(0.87wy) are plotted versus residue
number; values of (dJ(0), (e)J(wn), and (f)J(0.87wy) are plotted versus the generalized order param8telVithin each graph, data are
shown for @) 285 K, (a) 300K, and ) 310 K. Error bars are not shown in alc) for clarity.

change are not altered by consideration of rotational aniso-substates” (Frauenfelder et al., 1988), thermally accessible
tropy of this magnitude. to the N bond vectors. In particular, the results for
Temperature Dependence of Order Parameteihe secondary structure elements indicate that the energy scale
decrease in order parameters and the invariance of internagoverning the conformational distribution of bond vector
effective correlation times observed at higher temperaturesorientations is~3ksT, as compared with the free energy of
in the present study are consistent with increased amplitudesunfolding of ~20kgT for E. coli RNase H (Chamberlain et
of motion of the N-H bond vectors within a single al., 1996). Thus, the conformational dynamics of backbone
conformational minimum or within a set of conformational N—H bond vectors in secondary structure elements are
minima separated by low energetic barriers. Generally, the coupled to structural perturbations yielding relatively high
magnitude of the temperature dependence of the orderenergy local intermediate states; in contrast, loop and termini
parameters varies with C-terminus loops > secondary  dynamics do not necessitate transitions to significantly higher
structure. The cone semiangle associated with each ordeenergy states. The characteristic temperature also is closely
parameter by the diffusion-in-a-cone motional model indi- connected to the heat capacity of a conformational mode. If
cates that the angular conformational space accessible tol*/T> 1, then the mode has low heat capacity because few
N—H bond vectors increases by2° for secondary structural ~ states are thermally accessible; in contrasE*fl < 1, then
elements and-5° for the C-terminus over the temperature the heat capacity is given by the classical limit okg
range from 285 to 310 K. The characteristic temperature because many conformational states are thermally accessible.
parametrizes the distribution of thermally accessible con- A second conclusion of the present results is that the
formational states. IT*/T > 1, then few additional states conformational dynamics of the secondary structure con-
are populated upon an increase in temperature; in contrastfribute little to the heat capacity of the folded state of RNase
if T*/T < 1, then many states are accessible upon an increaséd and consequently may provide a significant contribution
in temperature. The average temperature dependence d(io the difference in heat capacity between folded and
— 9/dT of the order parameters yields characteristic tem- unfolded states.

peratures ranging fromy170 K for the C-terminus te-1000 The loop betweep; andp,, the loop betweefis and o,

K for secondary structure elements. Thus, at 300 T and the handle region surround the active site in RNase H.
~ 3 for the secondary structure elements/T ~ 1 for These regions contain residues with reduced order parameters
residues in the handle and in the loop betwgemnd ag, at all three temperatures studied (Leu 14 to Asn 16 for the

andT*/T ~ 0.6 for the C-terminus. These results suggest loop betweens; and 3,; Gly 123 to His 127 for the loop
that intramolecular dynamics in RNase H are manifestations betweengs and ag; and Lys 96 and Val 98 in the handle
of a hierarchy of energy states, or so-called “conformational region). The values of d(+ S/dT are ~3—4-fold larger
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for residues in these loops than for secondary structureof the exchange rate constants provides critical information
elements. Changes in order parameters upon ligand bindingon the time scale and activation energies for conformational
can be related theoretically to changes in free energy andexchange. The apparent chemical-exchange rate constants
conformational entropy (Akke et al., 1993; Yang & Kay, decrease as the temperature increases; consequently, the
1996). Consequently, the temperature dependence of thamicroscopic exchange rate constants must be greater than
flexibility of these loops may contribute to the temperature 2.7 x 1®s 1. Assuming thahw < 2 ppm, the upper bound
dependence of binding affinity in RNase H. for kex is ~1° s™%. These estimates are consistent with the
The temperature dependence of the order parameters ofange of exchange rates of*1® 10* s measured by,
amide nuclei located ifis, which is located at one edge of experiments for the fibronectin type 11l domain of the protein
the five-strandeg-sheet, is particularly noteworthy. At 285 tenascin (Akke & Palmer, 1996).
K, the order parameters are relatively large and uniform, Conformational exchange processes in proteins have been
except for lle 116. At 300 K, the order parameters alternate studied using a variety of spectroscopic techniques. NMR
between high and low values with low values observed for spectroscopy has shown that 28@tations (ring flips) of
amide groups hydrogen bonded to solvent rather thah.to  aromatic moieties in basic pancreatic trypsin inhibitor occur
At 310 K, the experimental data for Trp 118 are not well with apparent activation energies from 57 *®80 kJ/mol
fit; for other residues, the order parameters are reduced ever{Wagner, 1983). Recent measurements of the exchange rates
for residues hydrogen bonded fa. The overall patterns  of an interior water molecule in basic pancreatic trypsin
suggest thats is progressively thermally destabilized relative inhibitor yield an apparent activation energy-e90 kJ/mol
to the rest of theB-sheet and that destabilization occurs (Denisov et al., 1996). Flash photolysis experiments of heme
initially for residues hydrogen bonded to solvent followed proteins indicate that motions underlying relaxation processes
by residues hydrogen bonded to the adjagestrand, .. from photolyzed states have activation energies ranging from
Temperature Dependence of EffeetCorrelation Times. 6.3 £ 1.5 to 10+ 1 kJ/mol (Steinbach et al., 1991).
The present data are insufficient to determine apparentActivation energies for methyl rotations have been measured
activation energies less thar10 kJ/mol for effective to be ~14 kJ/mol by NMR spectroscopy (Kowalewski,
correlation times<100 ps (motional models 2 and 4) and 1991). The apparent activation barriers observed for residues
less than~5 kJ/mol for effective correlation times ef1 ns in RNase H range from20 to~50 kJ/mol. Assuming that
(motional model 5). Higher precision and a wider temper- these barriers are underestimated by at most a factor of 2,
ature range would be required to detect smaller activation the activation barriers are greater than activation energies
energies. Nonetheless, the result that the activation barriersfor rotamer transitions and less than activation barriers for
for motions on the picosecond to nanosecond time scale arearomatic ring flips. Thus, the present results lie within
less than 510 kJ/mol restricts the allowable mechanisms physically reasonable bounds.
for these conformational processes. For example, dynamic Despite the additional information available from the
mechanisms that posit breaking of multiple hydrogen bonds temperature dependence &, determining the actual
are incommensurate with the experimental results, unlessmicroscopic exchange rates and the actual activation energies
bond breaking and formation are concerted. Although from CPMG experiments remains difficult. In principle,
motional parameters derived for model 5 have zero degreesmeasurements of spin relaxation in the rotating frame by use
of statistical freedom, and consequently may be less accuratef Ry, experiments provide a superior approach because
than motional parameters derived from other models, the exchange rates and activation energies can be determined
congruence between the results at different temperaturesdirectly. The first residue-specifi®;, studies of protein
supports the reliability of the analysis for RNase H. dynamics on microsecond to millisecond time scales have
Temperature Dependence of Chemical Exchande. appeared recently (Szyperski et al., 1993; Akke & Palmer,
striking aspect of the present results is the preponderance 0fl996), and such techniques should permit more detailed
thermally activated conformational exchange processes ininvestigation of conformational exchange dynamics in RNase
RNase H, particularly ima, o, op, and the handle region. H. Both CPMG andR,, methods rely on curve fitting to
These structural elements form a contiguous region thattheoretical models for chemical exchange. Present experi-
includes much of the hydrophobic core of RNase H. The mental methods cannot discriminate between two-state and
pronounced temperature dependence of the motioms,in  multiple-state exchange dynamics, and confounding effects
andayp is noteworthy particularly in light of investigations  of multiple conformational states are unknown. In addition,
of protein folding and stability of RNase H that identify these the NMR spectroscopic experiments do not elucidate the
two helices as forming the structural core of the molecule microscopic mechanism of conformational exchange; indeed,
(Dabora & Marqusee, 1994; Yamasaki et al., 1995a; Cham- because exchange broadening results from time-dependent
berlain et al., 1996). The chemical-exchange processeschemical shift perturbations, resonances of immobile nuclei
identified herein are not correlated with local unfolding can be broadened by dynamic effects propagated from nearby
events identified in RNase H by denaturant-independent groups. The time scales of the conformational exchange
amide proton exchange (Chamberlain et al., 1996). Accord- processes observed for RNase H are many orders of
ingly, the exchange processes observed in the present studynagnitude slower than the time scales accessible by molec-
most likely involve concerted conformational changes of the ular dynamics simulations; therefore, interpretation of these
helices relative to the rest of the protein (fsheet), or of and other data on chemical exchange in proteins presents
the helices relative to each other, that do not require breakingnew theoretical challenges.
of intrahelical hydrogen bonds. Spectral Density Mapping.Spectral density mapping
The complexity of eq 10 hinders analysis of chemical provides an alternative method for analyzing spin relaxation
exchange in proteins because the populations and chemicatate constants. Spectral density mapping does not require
shift differences for conformational states are usually un- assumptions about the form of the rotational diffusion tensor
known. As demonstrated herein, the temperature dependencef the molecule and does not depend on time scale separation
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or extreme narrowing approximations implicit in the model- ACKNOWLEDGMENT
free formalisms. Consequently, spectral density mapping is
a useful method particularly for disordered or highly flexible
systems in which these assumptions are suspect. Th
simplicity of the spectral density analysis is counterbalanced
by the difficulty in interpreting the resulting values of the
spec@ral density .function, pa_rtiqularly in the absence of data gyppORTING INFORMATION AVAILABLE

acquired at multiple magnetic field strengths. For example,

the value ofJ(0) obtained by spectral density mapping ata  Six tables giving relaxation parameters torcoli RNase
single magnetic field contains contributions from internal H at 285, 300, and 310 K (Tables $$3) and backbone
dynamics on fast time scales, chemical exchange, and overalfynamical parameters fdf. coli RNase H at 285, 300, and
rotational diffusion that cannot be easily separated. As 310 K (Tables S4S6) (42 pages). Ordering information is
shown in Figure 9, for a well-folded globular protein such given on any current masthead page.

as RNase H, the results of spectral density mapping are
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niversity), and Ann McDermott (Columbia University) are
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