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ABSTRACT: The 10 kDa amino-terminal fragment ofEscherichia coliAda protein (N-Ada10) repairs methyl
phosphotriesters in DNA and possesses a tightly bound zinc ion. The complete resonance assignments
of this protein domain have been obtained using multidimensional homonuclear and heteronuclear NMR
experiments. The assignments served to study the internal mobility of this protein domain via15N relaxation
experiments. This involved the measurement of longitudinal and transverse15N relaxation rates, as well
as the amide proton solvent exchange rates. Relaxation rates in the rotating frame,R1F, of 15N nuclei
were measured at different spin-lock field strengths, leading to the detection of two slow conformational
exchange processes at Gly-25 and Gln-73. For the latter, which is next to the active site of this protein
domain, the characteristic time of this process was found to be around 60µs. The other relaxation
experiments unveiled some regions of fast internal motions, faster than the overall correlation time. These
motions were found in the N- and C- terminal tails, in segment 33-35 which forms the turn between
â-strands S1 and S2, and residues 47-52 located in a long loop preceding strand S3. The latter loop
belongs to the potential DNA binding surface of N-Ada10. While the structure from residue 18 to residue
26 appears not well defined in the calculated structure, the relaxation experiments do not indicate higher
mobility for this region. Residues at the N-terminal portion, including the first helix, the sequentially
adjacent loop, and part of the second helix, exhibit internal motions close to the time scale of the overall
rotational correlation time. This appears to be related to the fact that the first helix has no hydrogen
bonds or salt bridges to the rest of the protein and is stabilized only by the involvement of some of its
side chains in a hydrophobic core consisting of the side chains of two phenylalanines, a tryptophan, a
leucine, and a valine. The four cysteines which bind the zinc show motions on different time scales
ranging from microseconds to picoseconds. Thus the motions in the immediate region around the bound
zinc of the DNA methyl phosphotriester repair domain are of relatively small amplitude but take place
over a wide time range. On the other hand, high mobility is found in the turn connecting S1 and S2 and
in the loop preceding S3, regions of the potential DNA binding surface.

Escherichia coliAda repairs the mutagenic lesionO6-
methylguanine by direct, irreversible transfer of the methyl
group to a cysteine residue in the C-terminal protein domain.
Ada also repairs theSp diastereomer of DNA methyl
phosphotriesters by direct methyl transfer to another cysteine
residue, Cys-69, located in the N-terminal domain (Demple,
1990). Methylation of Cys-69 reveals a strong sequence-
specific DNA binding activity in the N-terminal domain,
which enables Ada to activate transcription of a methylation-
resistance regulon. The methylated Ada protein activates
transcription of theadagene as well as several other genes
that encode DNA repair functions. Hence, aside from its

direct role in the repair of mutagenic DNA lesions, Ada acts
as a chemosensor for methylation damage in the cell (Lindahl
et al., 1988).
The N-terminal domain of Ada possesses a tightly bound

zinc ion that is necessary for proper foldingin Vitro and in
ViVo (Myers et al., 1992).113Cd nuclear magnetic resonance
(NMR)1 studies on Ada fragments revealed an unusual Cys-
X3-Cys-X26-Cys-X2-Cys ligand arrangement (Myers et al.,
1993a,b). One of the four ligand residues in Ada was
identified as Cys-69, thereby implicating the zinc ion not
only in stabilization of the protein structure but also in direct
metalloactivation of the methyl acceptor residue (Myers et
al., 1993b). The methylation of Cys-69 substantially en-
hances the sequence-specific DNA binding by Ada, decreas-
ing theKd by a factor of≈1000 (Myers et al., 1995). It
appears, however, that the structural switch resulting in this
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increase in binding affinity does not involve the dissociation
of the methylated cysteine from the metal (Ohkubo et al.,
1994; Myers et al., 1994).
The zinc binding and DNA methyl phosphotriester repair

functionality is completely retained in a 10 kDa fragment
of the N-terminus of Ada (Myers et al., 1992) comprising
residues 1-92 (N-Ada10). N-Ada10 lacks, however, resi-
dues essential for sequence-specific DNA binding (Sakashita
et al., 1993; Myers et al., 1994a). The solution structure of
N-Ada10 has been determined by NMR (Myers et al., 1993b;
PDB access code 1ADN) and has a global fold consisting
of three well-defined layers of secondary structure consisting
of a â-sheet sandwiched between twoR-helices (Figure 1).
The zinc binding pocket of N-Ada10 lies on the edge of the
â-sheet and is formed by two parallel strands ofâ-sheet and
two parallel loops which extend from each strand, turning
under theâ-sheet. Two of the zinc ligands, Cys-69 and Cys-
38, are positioned across from one another of theâ-sheet
while the remaining ligands, Cys-42 and Cys-72, are located
on the loops. However, the structure around residues Cys-
42 and Cys-72 could not be well defined with NMR due to
lack of NOEs.
The measurement of15N and 13C NMR relaxation rates

provides information about the internal dynamics of proteins
on time scales faster than the rotational correlation time [see
for a review Wagner (1993)]. Within the last several years,
NMR relaxation studies have been carried out for13C nuclei
at natural abundance in BPTI (Nirmala & Wagner, 1988),
cyclosporin A (Dellwo & Wand, 1989), and an Xfin zinc
finger (Palmer et al., 1991). Relaxation studies have also
been carried out for amide15N nuclei in uniformly enriched

staphylococcal nuclei (Kay et al., 1989), interleukin-1â
(Clore et al., 1990b), the IIA domain of a glucose permease
(Stone et al., 1992), calcium-loaded calbindin D9k (Kördel
et al., 1992), eglinc (Peng et al., 1992b), interleukin-4
(Redfield et al., 1992), ubiquitin (Schneider et al., 1992),
ribonuclease H (Powers et al., 1992), calmodulin (Barbato
et al., 1992), reduced and oxidized thioredoxin (Stone et al.,
1993), interleukin-8 (Grasberger et al., 1993), urokinase
(Nowak et al., 1993), BPTI (Szyperski et al., 1993),
ribonuclease T1 and its complex (Fushman et al., 1994), apo-
and holo-acyl-coenzyme A binding protein (Rischel et al.,
1994), and granulocyte colony-stimulating factor (Zink et
al., 1994). Generally, the15N relaxation data are interpreted
with either the model-free approach (Lipari & Szabo, 1982),
the extended model-free approach (Clore et al., 1990a), or
specific motional models, such as the wobbling-in-a-cone
model (Woessner, 1962; Kinoshita et al., 1977). These
approaches make assumptions about the analytical form of
the power spectral density functionJ(ω). These analytical
forms depend on a few parameters, such as correlation times
and order parameters in the “model-free approach”, or cone
angles and diffusion constants in the “wobbling-in-the-cone”
model. The relaxation rates can then be expressed directly
in terms of these parameters, without further consideration
of the shape of the spectral density function. Alternatively,
it has been proposed to map the spectral density function
directly from a combination of relaxation parameters prior
to a fit to an analytical expression ofJ(ω) (Peng et al.,
1992a,b), and the resulting values of the spectral density
function can be fitted afterward to more specific models. In
all cases at least three experimental parameters are needed,

FIGURE 1: Solution structure of N-Ada10 (Myers et al., 1993b, PDB code 1ADN). (A, top) Stereoview of the overlay of 14 final structures
of N-Ada10 (residues 5-75). All backbone heavy atoms, the zinc binding cysteine side chains, and the zinc atom marked by a cross are
shown. The zinc binding cysteines are, clockwise, Cys-69, Cys-72, Cys-42, and Cys-38. The proximal NH2 and COOH termini are labeled
N and C, respectively. (B, bottom) Single representative model from the ensemble with all heavy atoms shown (residues 5-75). The
location of the zinc and the cysteine side chains involved in metal binding are shown in red. Residues with motional components in the
time range ofτm are shown in magenta (residues 8-26, 33-35, 38, 44, and 47-50). They constitute a nearly contiguous wedge penetrating
the protein from the right.
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R1, R2, and heteronuclear NOEs. The heteronuclear NOEs,
however, are difficult to measure accurately, due to the
reduced sensitivity of the NOE experiment. Therefore, the
NOE is often used only in a qualitative way, and the order
parameterS2 and the overall correlation timeτc are estimated
using onlyR1 andR2 (Kay et al., 1989; Habazettl & Wagner,
1995).
Slow conformational exchange in the time range of

microseconds can be studied with measurements of relaxation
rates in the rotating frame,R1F, of spin-locked magnetization
as a function of the strength of the spin-locking field
(Deverell et al., 1969) or with the Carr-Purcell-Meiboom-
Gill spin-echo decay rate as a function of the repetition rate
of the refocusing pulses (Meiboom & Gill, 1958; Carr &
Purcell, 1954). The latest applications of these methods
included the characterization of a conformational exchange
rate that was claimed to be related to the isomerization of
the chirality of a disulfide bond in BPTI (Szyperski et al.,
1993), as well as the determination of the dissociation rate
constant for an inhibitor-enzyme complex (Davis et al.,
1994). Complementary information about the stability and
dynamics of proteins can be gained by measuring amide
hydrogen exchange rates with NMR spectroscopy (Wagner,
1983; Englander &Kallenbach, 1984).
In this study we report on the assignment of the proton,

nitrogen, and carbon resonances of N-Ada10 at 25°C. In
addition, we investigate the dynamics and stability of the
protein. Two-dimensional inverse-detected heteronuclear
15N-H NMR spectroscopy has been used to measure the
longitudinal and the transverse relaxation rates,R1 andR2,
respectively, for the backbone nitrogens at 25°C and 500
MHz. Slow conformational exchange processes have been
identified at two sites of the protein, at Gly-25 and Gln-73.
The time constant of that exchange process at Gln-73 has
been determined byR1F relaxation rate measurements at
different spin-lock field strengths. The backbone amide
proton exchange rates of N-Ada10 with solvent have been
derived using1H-15N heteronuclear correlation NMR spec-
troscopy and compared with the results from the relaxation
experiments. The results have been analyzed together with
the amide proton exchange rates in a semiquantitative way
based on procedures developed previously (Habazettl &
Wagner, 1995).

METHODS

Production and Purification of N-Ada10. Unlabeled
N-Ada10 protein and the uniformly15N-labeled N-Ada10
fragment were expressed and purified as previously described
(Myers et al., 1992, 1993a). The uniformly15N,13C-labeled
N-Ada10 was obtained by growing the cells in M9-glc
minimal medium containing15NH4Cl and [13C]glucose
(Cambridge Isotopes) as the sole nitrogen and carbon sources,
respectively. To obtain the zinc form of N-Ada10, the M9-
glc minimal medium was supplemented with ZnCl2 (100
µM). The purified protein samples were exchanged into a
buffer containing 25 mM sodium phosphate, 50 mM NaCl,
and 10 mM 2-mercaptoethanol, pH 6.4, and concentrated to
2-3 mM in protein. The concentrated samples were
lyophilized, resuspended in an equal volume of degassed
95% H2O/5% D2O or D2O (99.99%) under argon in a 5 mm
NMR tube for NMR measurements.
NMR Spectroscopy for Assigning N-Ada10.Measure-

ments were made on a Bruker AMX-500 or AMX-600

spectrometer using 2-3 mM N-Ada10 samples at pH 6.4
and 25°C. The pH of the D2O samples was adjusted for
the isotope effects. In all experiments the1H carrier was
placed on the water line, and presaturation during the recycle
delay was used for all samples requiring water suppression.
Unless otherwise stated, time-proportional phase incremen-
tation (TPPI) was used for sign discrimination along the
indirect dimensions. Data were processed using Felix
software (Biosym Technologies, San Diego, CA).
Sequential connectivities of backbone resonances were

established using HNCA (Kay et al., 1990) and HN(CO)-
CA (Bax & Ikura, 1991) adapted for constant time in the
15N dimension (Grzesiek & Bax, 1992) on the uniformly
labeled 15N,13C N-Ada10 sample in H2O. The HNCA
experiment was executed with spectral widths of 32.9, 24,
and 13.89 ppm inF1(15N), F2(13C), andF3(1H), respectively,
and with 45 real points int1, 128 real points int2, and 512
complex points int3 at 16 scans per point. The15N and13C
carriers were positioned at 118.3 and 50.0 ppm, respectively.
The HN(CO)CA experiment was conducted with parameters
identical to those of the HNCA above with the exception
that 50 real points were collected int1 (15N).
The identification of spin system types and side-chain

resonance assignments was determined using a combination
of total correlation spectroscopy (TOCSY) and nuclear
Overhauser effect spectroscopy (NOESY). A 3D15N
TOCSY-HMQC experiment (Marion et al., 1989) was
acquired using the uniformly15N-labeled N-Ada10 sample
in H2O, with a SCUBA recovery (Brown et al., 1988) after
the presaturation of the water. This experiment had spectral
widths of 13.89 ppm in bothF1(1H) andF3(1H) and 32.9
ppm inF2(15N) and was collected with 256 real points int1,
32 real points int2, and 512 complex points int3 at 32 scans
per point. The15N carrier was located at 118.3 ppm. A 3D
HCCH TOCSY utilizing heteronuclear cross-polarization
(Zuiderweg, 1990) was acquired on the uniformly labeled
15N,13C N-Ada10 sample using a DIPSI-3 spin lock. This
experiment had spectral widths of 16 ppm inF1(1H), 24.99
ppm in F3(1H), and 65 ppm inF2(13C) and was collected
with 256 complex points int1, 64 real points int2, and 512
complex points int3 at eight scans per point. The13C carrier
was placed at 40 ppm. A 3D15N NOESY-HMQC experi-
ment (Fesik & Zuiderweg, 1988) was carried out with
identical sample and spectroscopic conditions and included
a SCUBA recovery during the 100 ms mixing time. In
addition, a 3D13C NOESY-HMQC experiment was con-
ducted with the uniformly labeled15N,13C N-Ada10 sample
in D2O. This experiment had spectral widths of 12.00 ppm
in F1(1H), 24.99 ppm inF3(1H), and 65 ppm inF2(13C) and
was collected using TPPI-States cycling for data collection
with 256 complex points int1, 52 real points int2, and 512
complex points int3 at eight scans per point. The experiment
used a 100 ms NOESY mixing time, and the13C carrier was
located at 40.0 ppm.
Two-dimensional 15N-1H and 13C-1H heteronuclear

single-quantum coherence (HSQC) spectroscopy (Boden-
hausen & Ruben, 1980) NMR spectra were acquired to assist
in the interpretation of the heteronuclear 3D data. The 2D
15N-1H HSQC spectrum was recorded using the uniformly
15N-labeled N-Ada10 sample in H2O, with a SCUBA
recovery after the presaturation of the water. The15N carrier
was positioned at 118.3 ppm, and sweep widths were 32.9
ppm inF1(15N) and 13.89 ppm inF2(1H). The 2D13C-1H
HSQC spectrum was recorded using the uniformly15N,13C-
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labeled N-Ada10 sample in D2O and the 13C carrier
positioned at 40 ppm. The sweep widths were 100 ppm in
F1(13C) and 13.89 ppm inF2(1H) with 497 real points int1
and 2048 complex points int2 collected at 48 scans per point.
A second 2D13C-1H HSQC spectrum was recorded on a
10%13C-labeled sample using identical parameters.

Several homonuclear experiments also aided the assign-
ment of side-chain resonances. A 2D homonuclear TOCSY
experiment was run on unlabeled samples of N-Ada10 in
both H2O and D2O using presaturation of the water with a
SCUBA recovery when appropriate. Both spectra utilized
sweep widths of 13.89 ppm inF1(1H) andF2(1H) with 512
real points int1 and 2048 complex points int2 collected at
96 scans per point. Both spectra also used a DIPSI-2 spin-
lock sequence in which TOCSY mixing times of 35, 52, 75,
and 98 ms coadded. A 2D homonuclear NOESY experiment
was run on unlabeled samples of N-Ada10 in both H2O and
D2O using presaturation of the water with a SCUBA recovery
when appropriate. The H2O spectrum utilized sweep widths
of 13.89 ppm inF1(1H) andF2(1H) with 512 real points in
t1 and 2048 complex points int2 collected at 96 scans per
point. Both NOESY spectra were collected under identical
conditions and 100 ms mixing times with the exception that
256 scans per point were used for the D2O spectrum. A
double-quantum-filtered correlation spectroscopy (DQF-
COSY) (Piantini et al., 1982; Mu¨ller et al., 1986) spectrum
of N-Ada10 in D2O was used to assign both side-chain
resonances and coupling constants. The DQF-COSY spec-
trum utilized sweep widths of 10.66 ppm inF1(1H) and 13.89
ppm inF2(1H) with 800 real points int1 and 2048 complex
points in t2 collected at 128 scans per point.

Stereospecific assignments of sevenâ-methylene groups
were based on CRH to CâH coupling constants obtained in
DQF-COSY, intraresidue NOE data, and15N to CâH coupling
constants estimated from a1H (TOCSY) on the15N-labeled
sample (Montelione et al., 1989). Stereospecific assignments
of all, but one pair of, valine and leucine methyl groups were
obtained from the 2D13C-1H HSQC spectrum recorded on
the 10%13C-labeled sample (Neri et al., 1989; Senn et al.,
1989; Szyperski et al., 1992).

NMR Spectroscopy for Measuring15N Relaxation Rates
and NH Exchange Rates.All NMR experiments were
carried out at 25°C, on a Bruker AMX-500 spectrometer.
The two relaxation parameters of the backbone NH bond
vectors of N-Ada10 were measured as described elsewhere
(Peng & Wagner, 1992a). The measured relaxation param-
eters included the longitudinal15N relaxation rateR1 and the
transverse15N relaxation rateR1F

eff) . The experiments use
refocused INEPT heteronuclear correlation sequences for
transferring the magnetization from the NH protons to the
nitrogens or vice versa. While acquiring the proton mag-
netization, the nitrogen magnetization is broad-band de-
coupled with the GARP scheme (Shaka et al., 1995). In
every pulse sequence a certain kind of nonequilibrium spin
order is created, and its relaxation is monitored by recording
a sequence of 2D spectra as a function of this relaxation
delay. The relaxation rate for every amide N-NH vector is
then determined from the decay of the intensity of the
corresponding15N-NH cross peak in this sequence. All
experiments were recorded with a spectral sweep width of
7042 Hz in theF2 dimension with the carrier on the water
signal. In theF1 dimension the spectral width was set to
1622 Hz with the carrier in the center of the amide nitrogen

region. A total of 512 blocks int1, each of 2048 real data
points, were recorded. Every free induction decay was
comprised of eight scans. The measuring time for every 2D
spectrum was approximately 3 h. Sign discrimination inF1
was obtained by using the TPPI method of Marion and
Wüthrich (1983). TheR1 rate was obtained by using 11
delays of 12, 2006, 403, 102, 601, 3508, 202, 1004, 803,
302, and 12 ms in the preceding order. TheR1F

eff measure-
ments also used 11 delays of 6.42, 180, 12.8, 154.2, 25.7,
128.5, 51.4, 77.1, 102.8, 12.8, and 38.5 ms. The15N spin-
lock power in the relaxation delay was set to 2500 Hz,
resulting in an effective field that was tipped between 90°
and 74.25° from the laboratoryzaxis, for resonances between
the center and the extreme edges of the spectrum, respec-
tively.

The conformational exchange rate of residue Gln-73 was
determined using the pulse sequences shown in Figure 2.
These experiments measure the in-phase transverse relaxation
rates,R1F, as a function of the spin-lock field strength. As
theB1 field strength variations are negligible compared to
the steady magnetic fieldB0, contributions from the chemical
shift anisotropy (CSA) do not affect the determination of
the conformational exchange rate. For this reason, and to
avoid complications at low spin-lock power, we did not
attempt to eliminate effects of cross-correlation between CSA
and dipolar interactions, as described in other studies of
transverse relaxation rates (Palmer et al., 1992; Kay et al.,
1992, Peng & Wagner, 1992a). A low-power continuous
on-resonance spin lock was used to maintain transverse Nx

magnetization for the relaxation delayT. To avoid off-
resonance effects, the spin lock was placed on-resonance for
this experiment. The transverse relaxation rates were
determined with the pulse sequence of Figure 2A at spin
lock powers of 3770, 6283, 9425, 11310, 13195, 15708, and
17593 rad s-1. At spin-lock powers of 6283, 9425, and
15708 rad s-1, relaxation delays of 6.4, 154.2, 77.1, 25.7,
102.8, 51.4, 128.5, and 6.4 ms were used in the preceding
order. At the remaining spin-lock fields the preceding
relaxation delays except the one at 128.5 ms were used. At
spin-lock powers of 2513 and 6283 rad s-1 the pulse
sequence of Figure 2B was applied. Since the CW spin lock
decouples the15N nuclei and amide protons during the
relaxation delay at higher powers, no additional decoupling
of the NH protons is necessary. However, decoupling of
the protons with Waltz-16 (Shaka et al., 1983) at lower spin-
lock power improved the experimental performance. At the
spin lock power of 6283 rad s-1 seven experiments (T )
7.9, 103, 47.5, 150.5, 79.2, 23.76, 126.7 ms) and at the spin-
lock power of 2513 rad s-1 six experiments (T ) 7.9, 103,
47.5, 150.5, 79.2, 13.8, 126.7 ms) were performed.

For the amide proton exchange experiments the protein
sample in H2O buffer was lyophilized. The exchange-out
was initiated by dissolving the sample in degassed D2O under
argon to prevent oxidation of the cysteines. Data acquisition
was started after a delay of 12 min to allow for sample
preparation, temperature equilibration, stabilization of the
lock signal, and quick shimming. A series of1H-detected
15N-1H correlation spectra were then collected for 2 days.
The pulse sequence used incorporates a double INEPT
transfer of magnetization from1H to 15N and back again,
known as the “Overbodenhausen” experiment (Bodenhausen
& Ruben, 1980). The water resonance was suppressed with
a trim pulse applied prior of magnetization transfer to15N
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(Messerle et al., 1989). The spectra were recorded with a
sweep width of 7042 Hz in theF2 dimension. A total of
128 increments, each of 1024 data points and two transients,
were recorded, giving a sweep width of 2294 Hz in theF1
dimension and a total experiment time of 4 min and 16 s. A
total of 120 spectra were recorded on the first two days:
blocks of 20 spectra were acquired with changing delays of
5 ms, 300 s, 600 s, 900 s, 1500 s, and 3600 s between the
single experiments.
Data Processing InVolVing Relaxation Rates and NH

Exchange Experiments.All data were processed on a SUN
SLC workstation using FELIX 2.0 software provided by
Dennis Hare (Hare Research, Seattle). Prior to Fourier
transformation the data were multiplied with a 90° or with
a 30° shifted sine-bell function in both dimensions. The
resolution enhanced spectra were used to analyze cross peaks
in crowded regions. The relaxation rates obtained were the
same for both apodization functions [see also Skelton et al.
(1993)]. An example of a representative 2D spectrum is
shown in Figure 3.
Determination of Relaxation Rates and NH Exchange

Rates.The intensity of cross peaks was obtained by selecting
a slice in theF2 dimension, through the maximum of the
peak, applying a linear baseline correction, and integrating
along this dimension. For every15N-1H cross peak the
intensities in dependence of the relaxation delayT or time
point of the NH exchange experiments are fit to exponential
decays using the Levenburg-Marquardt algorithm (Mar-
quardt, 1963; Press et al., 1988):

For the longitudinal15N relaxationR ) R1, A + B is the
initial peak intensity andB the steady-state value. For the
transverse relaxation rate and the NH exchange rateA is
equal to zero andB is the initial value of the intensity.

In order to estimate the uncertainties in the relaxation rates
or NH exchange rates, Monte Carlo simulations were
performed (Palmer et al., 1991; Peng & Wagner, 1992b):
assuming that the intensities are the means of Gaussian
distributions and using the root mean square deviations
between the experimental data and the optimized fits for the
standard deviations of the Gaussians, 1000 synthetic data
sets were generated for each cross peak. Of these simulated
data the relaxation rates were determined with the Leven-
burg-Marquardt algorithm, and the standard deviation of
this fit was taken as the estimated error of the relaxation
rate. Errors originating from uncertainties in the one-
dimensional cross-peak integrals are typically of the same

FIGURE 2: Two-dimensional heteronuclear pulse sequences for measuring the transverse relaxation rateR1F
eff. The upper trace indicates

proton pulses while the lower trace indicates the15N spin pulses. Pulses of 90° and 180° are shown as thin and thick vertical bars, respectively.
∆/2 was set to 1/(4JNH) ) 2.75 ms. The TPPI phase modulation is done on the first 90° 15N pulse following thet1 period. Pulse phases are
shown above the pulses themselves withR ) +x, -x; φ ) 4(+y), 4(-y); γ ) +x, +x, -x, -x. In sequence B Waltz-16 composite pulse
decoupling was applied on the protons during the continuous wave spin lock of the15N magnetization. The continuous wave spin-lock
strength was varied.

I(T) ) A+ B exp[-RT] (1)

FIGURE 3: 15N-1H HSQC spectrum of N-Ada10. Assigned cross
peaks for backbone amide protons and nitrogens are labeled by
amino acid type and sequence number. The amide side-chain
protons of asparagine and glutamine are connected by horizontal
lines and labeled. The single tryptophan pyrrole proton has also
been labeled. Several of the unlabeled peaks in the spectrum belong
to the side-chain proton of arginine, which were folded into the
spectrum.
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magnitude or less than those derived from the fitting routine
(Peng & Wagner, 1992b). Using a repeated data value for
estimating the random errors in the determination of the
relaxation rates (Palmer et al., 1992) resulted also in smaller
errors. Since the protein is not very stable in solution, the
intensity of the first data point that was repeated after the
experiment was typically reduced by 2% after 30 h. As the
spectra were acquired in random order, errors stemming from
protein instability were included in the fit of the data.
For the analysis of relaxation of in-phase coherence in the

rotating frame we made the following approximations: For
an on-resonance but weak spin lock (γB1 ) ωSL), R1F is
approximately identical toR2 (Peng et al., 1991). For this
to be true it is also assumed that the spectral density functions
are Lorentzians. If the frequency of exchange between
different sites isωe , 1/τm, and the spin lock is nearly but
not exactly on-resonance, the relaxation rates in the rotating
frame, R1F

eff, are approximately a linear combination of
longitudinal and transverse relaxation due to resonance offset
effects (Peng et al., 1991; Peng & Wagner, 1994a,b; Davis
et al., 1994):

R1F
eff ) R1 cos

2(â) + R1F sin
2(â) (2)

where cos(â) ) ∆ω/ωe, ωe ) (∆ω0
2 + ωSL

2)1/2, ∆ω is the
offset between the carrier and the resonance frequency, and
ω0 ) γB0. The15N spin-lock powerωSL ) 15 708 rad s-1

resulted in an effective field withâ ) 74.25° from the
laboratoryz axis for resonances at the extreme edges of the
spectrum. For residue Asn-57 the neglect of offset effects
would result in an error of 6%, withR1F

eff ) 10.12( 0.14 s-1

andR1F ) 10.78( 0.15 s-1. Therefore, theR1F values for
all residues were calculated with eq 2, using the experimental
values ofR1F

eff andR1. From now on we will designateR1F

with R2.

RESULTS

Resonance Assignments.Sequential resonance assign-
ments were obtained from HNCA and HN(CO)CA experi-
ments recorded on uniformly labeled15N- and 13C-labeled
N-Ada10 and from homonuclear TOCSY and NOESY
spectra recorded on unlabeled protein. As is apparent in the
2D 15N-1H HSQC spectrum (Figure 3), N-Ada10 shows a
good spectral dispersion of both amide backbone protons
and nitrogen with only two or three cases of substantial
overlap. In addition, the 2D13C-1H HSQC spectrum of
N-Ada10 was also remarkably well resolved. Thus, HNCA
and HN(CO)CA resolved any issues of overlap and provided
sequential connectivities for almost all of the assigned
backbone resonances of N-Ada10, with the exception of
residues preceding prolines and those which were undergoing
fast exchange with the solvent. In this manner, a total of
75 explicit sequential connectivities were made using HN-
(CO)CA, 64 of which were also identified as the secondary
correlation to the preceding residue in the HNCA experiment.
Backbone assignments could not be made for the first and
last three residues.
Short-range NOE data assisted in making the sequential

assignments in positions which the HN(CO)CA did not
provide and helped to confirm those supplied by HN(CO)-
CA. The assignment of the long-chain hydrophobic residues
was also achieved to near completion using the13C-dispersed
NOESY and TOCSY data. The leucine and valine methyl
groups were easily assigned in the 2D13C-1H HSQC

spectrum which in turn permitted the stereospecific assign-
ments for eight of the nine pairs of methyl groups using the
2D 13C-1H HSQC spectrum of the 10%13C-labeled samples.
Many outer protons on arginine and lysine residues, both of
which make up a substantial fraction of N-Ada10, could not
be assigned. Problems with the assignment of these protons
were in part a result of spectral overlap; however, in many
cases with the extra dispersion of the 3D13C TOCSY
spectrum the correlations among the outer protons of these
side chains could simply not be observed. A summary of
the data used for the sequential assignments is given in Figure
4; a list of the assignments is available in the Supporting
Information.
Analysis of Relaxation Rates of N-Ada10.The relaxation

rates of the amide15N spins in proteins are primarily
dominated by (i) the dipolar coupling of the15N nucleus with
the amide proton modulated by the rotational fluctuations
of this N-NH vector in the external magnetic field and (ii)
the chemical shift anisotropy and the rotational fluctuations
of this 15N chemical shift tensor in the external magnetic

FIGURE 4: Summary of sequential connectivities and secondary
structure for N-Ada10. The numbers in the top two rows correspond
to the sequence number and residue type of each amino acid
component of N-Ada10, respectively. A (+) above a residue
indicates that it is a zinc ligand, while an (*) indicates the active
site and zinc ligand Cys-69. The third row designated HN(CO)CA
summarizes all the (i) to (i - 1) connectivities found in the HN-
(CO)CA experiment and marks the presence of each with a filled-
in black circle. The presence of an “NA” in this row means that no
resonances for the particular residue have been assigned. The
following six rows display sequential and medium-range backbone
NOE information relevant to connectivities determined in the
HNCA and HN(CO)CA experiments and secondary structure. A
filled circle in any of these rows represents the presence of a strong
NOE, and a open circle represents the presence of a medium-
strength NOE cross peak. The second to last row indicates amide
backbone protons which are slowly exchanging, indicated with a
filled circle. The final row represents the presence of defined
secondary structure elements where an "a" indicates anR-helix and
a “b” indicates aâ-sheet.
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field. (iii) Chemical exchange may also contribute to
transverse relaxation rates, usually only for a small subset
of resonances. These rotational fluctuations can be described
with an angular autocorrelation functionG(t), which de-
scribes the correlation between the orientation of the N-H
vector at timet andt + τ in an ensemble of molecules. The
Fourier cosine transform ofG(t) then yields therelatiVe
frequency portion ofG(t), the rotational spectral density
functionJ(ω). Therefore, the more internal high-frequency
motion a N-NH vector experiences, the smaller isJ(0) and
vice versa. The relaxation rates of the amide15N spin are
linear combinations of this spectral density function at
different frequencies (Abragam, 1961)

with d ) γH
2 γΝ

2h2/(2π)24rNH
6 andc ) ∆2ωN

2 /3. For a CSA
value of ∆ ) -160 ppm (Hiyama et al., 1988) and an
internuclear15N-1H bond distance ofrNH ) 1.02 Å (Keiter,
1996),d andc become∼1.3× 109 (rad/s)2 and 0.9× 109

(rad/s)2, respectively. On a 500 MHz spectrometer the
relaxation ratesR1 andR2 sample the spectral density function
at the frequencesω ) 0 Hz,ωN ) 50.68 MHz, (ωH + ωN)
) 449.46 MHz,ωH ) 500.14 MHz, and (ωH - ωN))550.82
MHz. In addition toR1 or R2 we use another parameter
which is less sensitive toward internal motions in the time
range ofτm

Lipari and Szabo (1982a,b) proposed a model for the
autocorrelation functionG(t) and the spectral density function
J(ω) on the basis of a minimal number of motional
parameters:

with S2, the order parameter, giving a measure for spatial
restriction,τm the overall correlation time, and 1/τ ) 1/τm
+ 1/τe, where τe is the effective correlation time and a
function of the amplitude as well as of the frequency of the
internal motion. This model is exact only if (1) the overall
motion is isotropic, (2) the internal motion is much faster
thanτm, and (3)τe is defined as the area under the correlation
function. In that case the overall correlation time can be
extracted from the ratioR2/R1 on a residue by residue base
by neglecting the second term of the spectral density function
in eq 7 (Kay et al., 1989), and the error inτm can be estimated
from the upper and lower limits ofR2/R1. This reduced
spectral density function together with the averaged value
of τm can then be used to determineS2 from eq 3 or 4 (Kay
et al., 1989) or from eq 5 (Habazettl et al., 1995).

In Habazettl et al. (1995) a method was developed to
obtain the most reliable values possible for the order
parameterS2 using R1 and R2 only, on the basis of the
following considerations: Experimental results from15N
relaxation experiments on proteins reported in the literature,
in particular, the mapping of the spectral density function
of the protein eglinc (Peng & Wagner, 1992), indicate that
the spectral density function is largest atJ(0), J(ωN) reaches
values up to 50% ofJ(0), andJ(ω) is very small at high
frequencies (ω g 449.46 MHz). Unstructured terminal or
loop regions are often exceptions and have broader spectral
density functions (Peng & Wagner, 1992). In all cases,
however, the prevailing terms in the relaxation rates of the
more rigid parts of the protein are the spectral density
functions at low frequencies. We therefore write expressions
for R1 andR2 containing onlyJ(0) andJ(ωN) in order to
examine how reliably such a simplification can reproduce
order parametersS2 from a more realistic synthetic data set
for which the assumption of negligible spectral density
functions at higher frequencies is not justified:

It is apparent from eq 10 that the value of 2R2 - R1 is mainly
a function ofJ(0). Thus, this expression is less sensitive to
fast internal motions around the nitrogen frequency thanR1,
R2 or R2/R1. It is worth mentioning that, for small proteins
with a correlation time of approximately 3 ns and at a
spectrometer of 500 MHz proton frequency,ωNτc ≈ 1. Thus,
R1, R2, or R2/R1 is sensitive to internal motions around the
overall motion of the protein whileJ(0) is much less sensitive
to motions on this time scale.
Relaxation Rates R1, R1F

eff, and R2. N-Ada10 shows good
dispersion in the15N heteronuclear correlation spectrum
(Figure 3). The relaxation rates for 76 amino acids out of
92 could be determined. The first three and the last three
residues as well as residues His-46 and His-82 do not appear
in the spectrum at all. Residues 21, 40, 68, 74, and 79 are
prolines, and residues Glu-60, Lys-86, and Ile-87 are heavily
overlapped. The ratesR1 andR1F

eff, measured as described
by Peng et al. (1992), andR2, calculated fromR1F

eff, using eq
2, are displayed in the bar graphs of Figure 5.R1 ranges
from 1.1 to 2.1 s-1 andR1F

eff andR2 from 2.2 to 15.2 s-1. The
rates show distinctively different relaxation behavior at the
N- and C-terminal ends and at residues 25, 33-35, 45-48,
56, 72 and 73 from the rest of the protein. Neglecting these
residues, the rates of the remaining 54 residues are quite
uniform with an average value ofR1 ) 1.89 ( 0.27 s-1,
R1F
eff ) 10.10( 1.55 s-1, andR2 ) 10.29( 1.58 s-1. All 54

residues belong to the core of the protein. The residues of
both termini, as well as residue Thr-34, and Ala-47 are
distinguished by much smaller relaxation rates,R1 andR2.
Residues Gly-25, Arg-45, Leu-48, and Cys-72 show a smaller
rate forR1 only. TheR2 rates of residues Gly-25 and Gln-
73 are significantly (50%) larger than those of the rest of

R1 ) d{J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)} +
cJ(ωN) (3)

R2 ) d
2

{4J(0)+ J(ωH - ωN) + 3J(ωN) + 6J(ωH) +

6J(ωH + ωN)} + c
2{43J(0)+ J(ωN)} (4)

2R2 - R1 ) d{4J(0)+ 6J(ωH)} + 4
3
cJ(0) (5)

G(t) ) 1
5
S2 exp(-t/τm) + 1

5
(1- S2) exp(-t/τ) (6)

J(ω) ) 2
5[ S2τm
1+ (ωτm)

2
+
(1- S2)τ

1+ (ωτ)2] (7)

R1 ≈ (3d+ c)J(ωN) (8)

R2 ≈ (2d+ 2
3
c)J(0)+ (32d+ 1

2
c)J(ωN) (9)

2R2 - R1 ≈ (4d+ 4
3
c)J(0) (10)

R2
R1

≈ 2
3
J(0)

J(ωN)
+ 1
2

(11)
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the protein. Such line widths suggest conformational and/
or solvent exchange processes. This includes exchange
between different conformers occurring in these regions of
the protein. The N-terminal end shows a monotonic increase
from 3.7 s-1 at residue Ala-4 up to the average value ofR2
at residue Asp-9 and an almost monotonic increase from 1.5
s-1 for residue 4 to the average value ofR1 at residue Asp-
10. At the C-terminal end,R2 decreases from 11 s-1 at
residue Asp-75 to 2.5 s-1 at residue His-89 andR1 from 1.9
to 1.1 s-1, respectively. Residues 1-7 and 74-92 appeared
to form little well-defined secondary structure, as they have
no medium- or long-range NOEs. Residues 1-4 and 88-
92 did not even have short-range NOEs. Residues 33-35

are located in the turn of the two antiparallelâ-strands, S1
and S2. Residues 45-50 are in the loop which connects
metal-ligated cysteines 38 and 42 with antiparallelâ-strand
S3. Ala-56 is located at the transition point where the anti
parallel â-strand converts into helix H3. Residue 25 is
located in the beginning of a short helix, H2, which connects
helix H1 with the firstâ-strand, S1. The other residues of
H2 and also of the following S1 do not show any distinctive
relaxation behavior. Gln-73 follows Cys-72, which coor-
dinates the zinc ion. The less well-defined C-terminal end
of the protein begins at residue 73, as shown by the lack of
medium- and long-range NOEs.
Order Parameter S2. TheR2/R1 ratios for every residue

are shown in Figure 6A. If there were no or only fast internal
motions in the range of picoseconds,R2/R1 would be uniform
for all residues. Internal motions in the time range ofτm
will reduce this value, while any conformational and/or
solvent exchange process will enlarge it. Such a chemical
exchange process can be due to conformational exchange in
the time range from milliseconds to nanoseconds or/and due
to fast exchange of the amide proton with solvent. In order
to determineτm fromR2/R1 (Kay et al., 1989), it is important
to choose quite rigid N-H vectors which do not undergo
any conformational and/or solvent exchange processes. The
ratios of residues 61-64 were chosen for this purpose. These
four residues are adjacent in the primary sequence and are
located in the middle ofR-helix H3. All four residues are
involved in hydrogen bonds and show very long backbone
amide exchange times with solvent even though the helix is
located at the surface of the protein. Their ratio values are
quite high and the corresponding errors relatively small. The
mean ratio ofR2/R1 averaged over residues 61-64 is 5.50
( 0.13. The range from 5.37 to 5.63 is indicated in the
figure by horizontal solid lines. On the basis of these
residues the time constant of the overall tumbling resulted
in τm ) 8.09( 0.15 ns. The values at the N- and C-terminal
ends of the protein are much smaller. Residues Gly-25, Arg-
45, Cys-72, and Gln-73 have significantly higher values for
R2/R1 ratios outside their error limits. Such behavior suggests
an additional exchange process, due to conformational
exchange and/or solvent exchange which causes this line
broadening. It is interesting to point out that for Cys-72 this
was not obvious from theR2 value alone. For other residues
this value is high as well; however, the error limits are too
high to be certain (Asn-57, Gly-65, and Lys-70). Most
residues ofR-helix H1, residues 22-24, 35, and 49-51, have
significantly smallerR2/R1 values than the average of 5.50
( 0.13, suggesting internal motions in the time range ofτm.
For the rest of the protein the deviations ofR2/R1 from 5.50
( 0.13 are within the error limits. Residues 22-24 are
located at the beginning of H2, residue 35 is in the turn
between the two antiparallelâ-sheets, S1 and S2, and
residues 49-51 are at the end of the loop between S2 and
S3.
The order parameters calculated from eq 5 together with

the first term of eq 7 withτm ) 8.09( 0.15 ns are displayed
in Figure 6B versus the amino acid sequence. The error
limits are calculated from the error estimates forR1, R2, and
τm. The apparent order parameters for Gly-25 and Gln-73
are larger than unity due to conformational and/or solvent
exchange. Figure 6B shows noticeably smaller order pa-
rameters for the residues at the N- and C-terminal end of
the protein, an internal stretch from residue 47 to residue
51, and two “dips” at residues 33-35 and 54-56. The first

FIGURE 5: Bar graphs of the experimental15N R1 (A), R1F
eff (B) ,

andR2 (C) values versus the amino acid sequence for N-Ada10,
recorded at 500 MHz and 25°C. R2 values were derived from
R1F
eff rates, applying eq 2 in order to correct for resonance offset

effects.
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dip from residues 33-35 is located in the turn between
antiparallelâ-strands S1 and S2, residues 47-51 are at the
end of the loop between S2 and S3, with Asn-51 already
part of S3, and residues 54-56 are at the end ofâ-strand
S3 and where S3 turns into the helix H3. The remaining

N-NH vectors have much more uniform order parameters,
ranging from 0.87 to 0.97 and with an average of 0.90.
The differences between the order parameters determined

from the 2R2 - R1 values [S2(2R2 - R1)] and from theR1
values [S2(R1)] are displayed in Figure 6C.S2(R1) was

FIGURE 6: Experimental values ofR2/R1 (A), the order free parameterS2 derived from 2R2 - R1 values (B), the difference between the
order parameters derived from 2R2 - R1 andR1 (C), J(0) derived from eq 10 (D), andJ(ωN) derived from eq 8 versus amino acid sequence
of the backbone amide nitrogens of N-Ada10 (E). The standard deviation of every value is indicated above each bar. In (A) the horizontal
lines show the range ofR2/R1 averaged over residues Ala-61, Leu-62, Ala-63, and Ala-64 with〈R2/R1〉 )5.50( 0.13. On the basis of this
value the overall correlation timeτm was calculated withτm ) 8.09( 0.15 ns. Using this estimate ofτm the values ofS2 in (B) were
determined. The error limits forS2 are the standard deviations based on the errors ofR1, R2, andτm. Above theS2 bars residues which
suggest motional components in the time range ofτm are indicated by (b), slow conformational exchange processes by (*), conformational
and/or solvent exchange by (1), the four zinc binding cysteines by (+), and residues whose side chains show a change in amide15N or NH
chemical shifts after the addition of a 12-mer duplex oligodeoxinucleotide by (9).
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calculated using eq 3 and the first term of eq 7 andS2(2R2
- R1) using eq 5 and the first term of eq 7 withτm ) 8.09
( 0.15 ns . In the case of internal motions in the time range
of τm the order parameterS2(R1) is overestimated and larger
thanS2(2R2 - R1) (Habazettl & Wagner, 1995). If there is
a conformational or solvent exchange process resulting in
line broadening,S2(2R2 - R1) is too large. Comparison of
∆S2 with R2/R1 shows that the motional pictures emerging
from the two parameters are identical. It also indicates that
2R2 - R1 is less susceptible to motions in the time range of
τm thanR1 and is therefore better suited for calculatingS2.
The spectral density functions at the frequencies 0 andωN

were calculated by applying the approximations of eqs 8 and
10 and are shown in panels D and E of Figure 6, respectively.
Errors due to these approximations are not included in the
error estimates given in these plots. AsJ(0) . J(ωH),
neglecting J(ωH) in eq 10 should result in only very small
errors, whereas increased line broadening due to conforma-
tional and/or solvent exchange can result in quite large errors
and cannot be neglected. The neglect of contributions of
J(ωH ( ωN) to R1 is more severe. Nevertheless, comparing
J(0) andJ(ωN) with those of eglinc (Peng &Wagner, 1992b)
shows thatJ(0) of N-Ada10 is approximately twice the value
of eglin c, whereasJ(ωN) is in the same range for both
proteins. This reflects the fact ofτc of N-Ada10 being about
twice the correlation time of eglinc andJ(0) being directly
proportional toτc in a first approximation.
Conformational Exchange Rate of Glu-73.One of the four

cysteines involved in the binding of zinc shows different
motional behavior: Cys-72 and its neighboring residue, Gln-
73, are more mobile and show a slow conformational process.
The contribution of a conformational exchange process to
R1F can be determined if the frequency of this exchange
process is near the Larmor frequency of the RF spin-lock
field ω1. For a system of nuclei exchanging randomly
between two conformational states with arbitrary populations
R1F is given by (Deverell et al., 1970)

with K ) pApB∆Ω2, pA andpB are the population of states
A and B, respectively,∆Ω2 is the chemical shift difference
between states A and B,ω1 is the Larmor frequency of the
applied spin-lock field,R1F

∞ the relaxation rate for an
infinitely large spin-lock power, andτex is the time constant
of the conformational exchange process. To study Gln-73,
the carrier was placed on-resonance so that off-resonance
effects could be neglected.
The transverse relaxation rates of Glu-73 are shown in

Figure 7 as a function of the applied RF spin-lock fieldω1.
The solid squares and circles represent the experiments
performed with and without decoupling protons with Waltz-
16, respectively, during the transverse relaxation of15N.
Applying proton decoupling improved the experimental
performance. The frequency of the conformational exchange
process lies in the experimentally sampled frequency range.
The solid line represents the least squares fit of the data points
with eq 12, settingR1F

∞ to the average value ofR1F, 10.10
s-1. The frequencyω1 at the turning point of the curve
represents 1/τex. The fit resulted in a value ofτex ) 60.56
( 5µs.
Backbone Amide Proton Exchange with SolVent. The

amide proton exchange times for N-Ada10 are shown in

Figure 8. The first three and the last three residues as well
as residues 46 and 82 do not show up in the HSQC spectrum
in water at all, and residues 21, 40, 68, 74, and 79 are
prolines. For N-Ada10, at 25°C and pH 6.4, 41 backbone
amide protons exchanged sufficiently slowly with solvent
to be seen in the first HSQC spectrum acquired after initiation
of exchange out. The solvent exchange time could be
determined quantitatively for 36 out of 41 residues. Residues
Phe-29, Val-31, Glu-60, and Arg-67 appear in the spectra,
but their solvent exchange time could not be determined due
to heavy resonance overlap. A lower limit for the solvent
exchange time of 160 s can be estimated for these residues.
The errors for the solvent exchange times of residues 10 and
17 may be underestimated due to slight overlap. The
resonance of the amide proton Glu-26 was seen only in the
first regular HSQC spectrum and has decayed to the level
of noise in the second. Its time constant can be estimated

R1F ) K
τex

1+ (ω1τex)
2

+ R1F
∞ (12)

FIGURE 7: Plot of the experimental transverse relaxation rateR1F
of Glu-73 versus the applied spin-lock power H1 during transverse
relaxation of15N. The data points with solid squares were measured
with pulse sequence 4A and the solid circles with 4B, respectively.
The solid curve represents the least squares fit with the function of
eq 12. The two data points acquired with pulse sequence 4A at
low spin-lock power were not used in the fit. For an error estimation
of τex the fit was repeated with the upper error limits of the data
points and the lower error limits.

FIGURE8: Bar graph of the backbone amide proton exchange times
in N-Ada10 versus the amino acid sequence. The time constants
were determined using1H-15N heteronuclear correlation NMR
spectroscopy. A total of 120 time points were collected within the
first 2 days at a temperature of 25°C. The estimated error of every
value is indicated above each bar. The hatched bars represent those
residues whose amide proton is seen in the first HSQC spectra but
whose exchange time could not be determined due to heavy overlap.
Residues whose amide proton cannot be seen in the first HSQC
spectrum acquired after initiation of exchange out are indicated with
(x), the zinc binding cysteines with (*), and the prolines with (P).
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within the range of 160-300 s. In summary, the amide
protons of residues 10, 12-18, 20, 22-24, 26-31, 36-39,
41, 42, 44, 52, 53, 55, 57, 60-67, 69, and 71-73 are slowly
exchanging with solvent. An upper limit of 220 s can be
given for those residues, whose amide proton has exchanged
within the first 12 min with solvent and cannot be seen in
the first HSQC spectrum: residues 4-9, 11, 19, 32-35, 43,
45, 47-51, 54, 56, 58, 59, 70, and 76-92. The resonances
of Gly-25 and Asp-75 are very weak in the HSQC spectrum
in water and cannot be seen in the first spectrum after the
initiation of exchange out. An upper limit of 300 s can be
given for these resonances. Most of the slowly exchanging
backbone amide protons are involved in secondary structure
elements or are grouped around the zinc binding cysteines,
Cys-38, Cys-42, Cys-69, and Cys-72. The slowest solvent
exchange processes take place at residues 28, 30, 37-39,
55, 61, 62, 66, and 69. They are part of the secondary
structure elements with the exception of residue 39. Residues
Cys-38 and Cys-69 are two out of the four zinc binding
cysteines, and residues 37 and 39 are direct neighbours of
Cys-38.

DISCUSSION

Determination ofτm. The ratio ofR2/R1 is independent
of the amplitude of the internal motions at much faster and
much slower motions thanτm; it is reduced by internal
motions in the time range ofτm and increased by confor-
mational and/or solvent exchange processes. The ratio of
R2/R1 is used for many purposes. First, it is used either to
calculate the final overall correlation timeτm or to use the
so-derived value ofτm as a first guess in the model-free
approach fitting procedures. The value ofτm calculated in
this way is correct only if the internal motions are either
much faster or much slower thanτm and no conformational
and/or solvent exchange processes take place. In the case
of internal motions in the time range ofτm this may lead to
a systematic error toward shorterτm. On the other hand,τm
would be overestimated in cases of decay processes that
contribute significantly toR2 (conformational and/or solvent
exchange). One way to overcome these uncertainties is to
useR2/R1 values of residues that are involved in secondary
structure elements (Kay et al., 1989) or to exclude all those
values from calculatingτm that are outside(1 standard
deviation from mean (Clore et al., 1990b). Comparing the
plots of ratios ofR2/R1 of different proteins shows that these
values tend to be higher in regular secondary structure
elements than in loops showing that residues involved in
secondary structure are more rigid. However, Rischel et al.
(1994) observed that part of anR-helix of the acyl-coenzyme
A binding protein became more rigid upon ligand binding.
This suggests that secondary structure elements nevertheless
can be quite flexible andτm determined from theirR2/R1
value may be underestimated. Another use ofR2/R1 ratios
was suggested by Clore et al. (1990b). This criterion is used
to decide if slow internal motions in the time range ofτm or
conformational and/or solvent exchange processes are taking
place: If the ratio ofR2/R1 is less than one standard deviation
from the mean, internal motions are assumed in the time
range of≈0.001τm and≈0.1τm. The relaxation parameters
are then fitted with the extended model-free approach, which
employs a double exponential function for representing the
autocorrelation function of the internal motions (Clore et al.,
1990). ForR2/R1 values of one standard deviation more than
the mean, conformational and/or solvent exchange processes

are assumed to take place, and the experimental data are fitted
with an additional term in the extended model-free approach
(Clore et al., 1990). If one has a systematic error inτm
toward a smaller value, this could result in interpreting a
very rigid N-H vector as undergoing a conformational and/
or solvent exchange processes or, on the other hand, in
underestimating the actual mobility of the whole protein. If
an N-H vector undergoes conformational and/or solvent
exchange and has motions in the time range ofτm, one effect
can cancel the other and may result in anR2/R1 value typical
for residues with very fast internal motions. For example,
different groups have found conformational and/or solvent
exchange processes in supposedly rigid secondary structure
elements (Powers et al., 1992; Redfield et al., 1992).
Considering all the problems in deciding whichR2/R1 values
are the best for calculatingτm, we use the NH exchange data
as an additional criterion: (1) involvement in hydrogen-
bonding network of a regular secondary structure, (2) at least
three neighboring residues in the primary sequence with
relatively highR2/R1 values and small errors, and (3) very
long NH exchange times. Only residues 61-64 fulfill all
these criteria. They are located in the helix which emerges
from an antiparallelâ-strand and goes over into another
antiparallelâ-strand that is fixed by a covalent bond of Cys-
69 to the zinc ion. The average value ofR2/R1 of these 4
residues is 5.5( 0.13, and its range is indicated in Figure
6A by the two horizontal lines. The value calculated from
these residues resulted inτm ) 8.09( 0.15 ns. The different
time points for determiningR1 were acquired in random
order. For control the first time point acquired was repeated
at the end to the time series. The intensity of this first time
point had decreased by 2%. Therefore, in order to determine
a more accurateτm from R2/R1, it is advisable to perform
theR1 andR2 experiments all interleaved. One also has to
ascertain if the overall molecular tumbling is isotropic. The
principal components of the tensor of inertia of N-Ada10
including all residues vary within a wide range for every
structure shown in Figure 1. However, the N- and C-terminal
ends of the protein are not structured and can be excluded.
This leads to a ratio of 1:0.88:0.94 and shows that the
assumption of isotropic tumbling is a good approximation.
Interpretation of the Relaxation Parameters.Due to the

reduced sensitivity of the NOE experiment and/or protein
instability different groups determinedS2 fromR1 orR2 alone
and used the NOE enhancement for qualitative purposes only
(Kay et al., 1989; Rischel et al., 1994). As N-Ada10 is not
very stable in solution and an NOE experiment typically lasts
1 week, we did not determine the NOE enhancement at all
and determined the order parameter from 2R2 - R1 (Habazettl
& Wagner, 1995). Conformational and/or solvent exchange
contributions, however, would increase the so-determined
value ofS2. Therefore, the order parameters have to be used
with caution, and only a careful analysis including NH
exchange data and theR2/R1 values can give insight into the
different possible internal motions. Figure 6B gives a
summary of the motional picture of the protein. On the top
of the figure are indicated those residues where we think
significant motions in the time scale ofτm take place and/or
where significant line broadening due to NH exchange with
the solvent and/or chemical exchange between different
conformers occurs. In the case of line broadening the shown
order parameter below is too large; in the case of motions
in the time scale ofτm the values of the order parameters
might be overestimated. As conformational and/or solvent
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exchange processes may hide a motional component in the
time range ofτm, we assume that such motions are present
if both residues adjacent in the primary sequence also showed
reducedR2/R1 values. In Figure 1B, those residues are shown
in magenta for which we have indication of motion around
the time scale ofτm. It appears that they form an almost
contiguous wedge on one side of the protein. This observa-
tion was rather unexpected and will be the subject of further
studies. It is also of interest whether similar observations
of motional clustering will be seen in other proteins.
Residues 10-31 excluding residues 11, 19, and 25 have

quite long NH exchange times, and therefore an increase of
R2 due to NH exchange can be excluded. Residues 10-26
excluding Leu-17 and Gly-25 tend to haveR2 values
comparable to the core of the protein but shorterR1 values.
This results in a reducedR2/R1 value and suggests some slow
motional components with correlation times in the time range
of 0.01τm to 0.1τm. Residues 8 and 9 have relatively large
errors, and theirR2 values might also have contributions from
solvent exchange. Residue Leu-17 has a relatively smallR1
rate but largerR2 rate than the other residues of helix H1.
TheR2/R1 value for this residue does not exceed the error
limits of 〈R2/R1〉 ) 5.50( 0.13, but it is significantly larger
than for the other residues of helix H1. Altogether, it seems
that the residues of helix H1 at the N terminal end, the loop
connecting H1 and H2, and the beginning of helix H2 have
motional components in the time range ofτm while residues
17 and 25 have even conformational and/or solvent exchange
processes. The order parametersS2 for these residues might
be overestimated, depending on the time range of the internal
motions. Helix H1 does not seem to have hydrogen bonds
or salt bridges to the rest of the protein. It is stabilized only
by some of its side chains that are involved in a hydrophobic
core consisting of the side chains of residues Phe-54, Phe-
27, Phe-29, Trp-13, Leu-17, and Val-16.
Of the four ligand binding cysteines one residue, Cys-72,

shows a slow conformational exchange process, and Cys-
42 might undergo such a process as well, but the error limits
are too large for this residue to be certain. Cys-38 seems to
have motional components in the time range ofτm, and
residue 69 is quite rigid. Even though these four residues
are connected through covalent bonds of their side chains
with the zinc ion, they show motions on different time scales.
The conformational and/or solvent exchange process of Cys-
72 might also be due to the truncation of the protein. Similar
observations, however, were made for the residues involved
in binding zinc in the zinc finger DNA binding domain from
Xfin (Palmer et al., 1991). In contrast, the two Ca2+ binding
loops of calcium-loaded calbindin do not show conforma-
tional and/or solvent exchange processes and no increased
amplitude of motion (Ko¨rdel et al., 1992). However,
Grasberger et al. (1993) observed line broadening for residues
connected through hydrogen bonds and buried hydrophobic
side chains and concluded concerted movements for such a
cluster.
Relations between Relaxation Rates, NH Exchange, and

Structural Definition. Motions relevant for nitrogen relax-
ation and amide proton exchange are expected to be on
different time scales. Thus, indeed, little correlation has been
found in the past between hydrogen exchange rates and
nitrogen relaxation rates or molecular dynamics simulations
that would cover events at the relaxation rate time scale [see,
for example, Wagner (1983)]. However, earlier comparisons
were made on the basis of much less detailed analysis of

relaxation data. Thus, a comparison is worthwhile for a
situation where spectral density data are available, such as
for Nada10. Here, all residues for which motions on the
time scale ofτm or indications of slower structural fluctua-
tions were found have NH exchange times shorter than 2×
104 s. On the other hand, not all residues that are rigid as
indicated from relaxation rates have slow NH exchange. The
exception is Cys-38, with indications for motions on the time
scale of τm and a very long NH exchange time. It is
interesting to point out that Cys-38 is one of the four
cysteines to which Zn2+ is tetrahedrally coordinated. Residue
38 is located opposite to Cys-72, which undergoes a slow
conformational exchange process. Arg-45 and Lys-70 have
line broadening due to conformational and/or solvent ex-
change and also have short NH exchange times. TheR2/R1
ratios of Ser-41 and Cys-42 also indicate conformational and/
or solvent exchange processes, but the error limits for these
residues are quite large. Nevertheless, the NH exchange time
of Ser-41 is short. The Cys-42 NH exchange constant of 5
× 104 s is quite long. This residue is also one of the four
zinc binding cysteines.
N-Ada10 is not structured at the N- and C-terminal ends.

The antiparallelâ-strands S1, S2, S3, and S4 as well as the
R-helix H3 are well defined and correlate well with the areas
of the protein of fast internal motion. Three residues of the
loop connecting S1 with S2 have increased RMSD values
(Figure 9), smaller order parameters, and motions on the time
scale ofτm. Residues 40-47 show high RMSD values and
are located in the loop between S2 and S3. Comparing the
NH exchange rates and the order parameters, one would
expect the range from residue 40 to residue 44 to be better
defined. Also, the NH exchange rates and the relaxation
experiments of residues 16-26 do not indicate the poor
definition of this range due to mobility. Therefore, the poor
definition of these regions is not due to high mobility but
rather is a result of geometrical factors. Ko¨rdel et al., (1992)
made similar observations with the Ca2+ loops in Ca2+-loaded
calbindin D9k, whereas the structure of the zinc finger DNA
binding domain from Xfin (Palmer et al., 1991) was well
defined.
What Can We Conclude for the Function of Ada?Ada

repairs methyl phosphotriesters in DNA by direct, irreversible
methyl transfer to Cys-69. Upon methyl transfer, Ada
acquires the ability to bind specific DNA sequences. It was
shown that the four zinc binding cysteines retain coordinate

FIGURE9: Average RMSD per residue of the heavy backbone atoms
determined from pairwise fits of the 14 individual structures shown
in Figure 1. The fits included the well-defined parts of the protein:
residues 8-17, 27-41, and 49-73.
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bonds with the metal after the acceptance of the methyl group
at Cys-69 (Ohkubo et al., 1994; Myers et al., 1994). This
result suggested that the DNA binding ability is acquired
by a relatively small conformational change or by the direct
contact of the added methyl group with the cognate DNA
sequence. The role of Zn2+ may be viewed as an anchor
that controls the correct positioning of theS-methyl group
upon DNA binding. The question remains if certain mobility
of the residues which are close to the zinc is important for
(1) the methyl transfer to Cys-69 and/or (2) the specific DNA
binding. Relaxation studies have been done on three DNA
binding molecules which also bind zinc: GAL4 (Lefe`vre et
al., 1996), Xfin (Palmer et al., 1991), and N-Ada10. In all
three proteins the four residues which bind the zinc show
motions on different time scales ranging from microsecond
to picosecond. As the Ca2+ binding loops of Ca2+-loaded
calbindin D9k (Kördel et al., 1992) are quite rigid, it seems
possible that the aforementioned motional characteristics of
GAL4, Xfin, and N-Ada10 are necessary for the DNA
binding.
The identification of Cys-69 as a zinc ligand implicated

that the zinc ion not only served to stabilize the protein
structure but also participated in the direct metalloactivation
of the methyl acceptor residue (Myers et al., 1993). Other
proteins that possess zinc-bound thiolates may be designed
to suppress their intrinsic reactivity by hydrogen bonds of
mainly backbone amide protons to the coordinated sulfur
atoms, thereby decreasing the negative charge density on the
ligand and its nucleophilicity (Blake & Summers, 1993). The
improved amide proton exchange data presented in this paper
show that amide protons in the residues near the sulfur atoms
are slowly exchanging. Considering the relatively poor
structural definition of N-Ada10 around Cys-38, Cys-42, and
Cys-72, possible hydrogen bonds cannot be uniquely identi-
fied from the ensemble of structures: there may exist
different hydrogen bonds between close amide protons and
the four zinc binding sulfurs in different structures. There-
fore, decrease of the nucleophilicity by hydrogen bonds to
the coordinated sulfur atoms cannot be excluded for Ada.
To gain insight into the mechanisms of the structure-function
relations of Ada, works on refining the structure of N-Ada10
and also structural studies of the protein-DNA complex are
in progress.
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