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Abstract

The mobility of1°N labeled proteins can be characterized by measuring the cross-correlatiarrifethat gov-

ern the conversion of Zeeman ordeér of an amide*®N nucleus into longitudinal two-spin ordeN21. involving

the amidé®N and'H nuclei. This represents an alternative to the measuremétiafelf-relaxation rates If and

1/T, or 1/T1,,. The rate of interconversion betwedh and 2V, I, is due to cross-correlation between fluctuations of
different interactions and is not affected by a variety of relaxation mechanisms that contribute to the self-relaxation
rates 171, 1/T, and 1I1,. Spin diffusion among protons, which affects the measurements, can be quenched by
various means that are evaluated by experiments and simulations. By applying an off-resonance radio-frequency
(RF) field in the vicinity of the nitrogen resonance, the spectral density fund{ioncan be determined at the
frequency origin and at the nitrogen Larmor frequency. The methods are applied to the paramagnetic High-Potential
Iron-Sulfur Protein iso | (HiPIP 1) fronk. halophilain its reduced state.

Introduction (Lipari and Szabo, 1982). Under these assumptions,
one can determine a local order paramesg%rand a
The longitudinal and transverse self-relaxatpdh = local correlation timer,;. It is also possible to map
1/T1, 1/T» and ¥ Ty, of I5N nuclei and the cross-  the spectral densities without any assumptions regard-
correlation (Overhauser) rated’! involving neigh- ing the motional model (Peng and Wagner, 1992).

bouring protons]; can yield valuable insight into  However, the accuracy of the measurement of self-
internal dynamics of macromolecules (Wagner, 1993; relaxation rates is usually not sufficient to allow a
Palmer et al., 1996). The interpretation of these rates precise evaluation of the spectral densities (Peng and
is straightforward if a number of assumptions are ful- Wagner, 1995), unless it is assumed that the spec-
filled (Kay et al., 1989): (i) if the relaxation within  tral density is uniform over a limited range, so that
the N-I spin pairs is caused predominantly By J(w;+owy)=J(w;) = J(w; —wy), wherew; and

I dipole-dipole andV-spin CSA interactions; (ii) if wy are the Larmor frequencies. With this assumption,
the N-I spin pairs are reasonably isolated from their itis sufficient to measure three independent relaxation
environment, so that interactions between neighbour- rates at a given static magnetic field strength, since
ing and remote protong and I; need not be taken the spectral density function can be characterized by
into account; (iii) if the local and overall dynamics only three valued (0), J(wy), andJ(w;) (Kay et al.,

can be described in terms of two correlation times 1992; Palmer et al., 1992; Farrow et al., 1994; Dayie

— . - and Wagner, 1996; Lefévre et al., 1996).
*This work was carried out at the Center for Interdisciplinary Mag-

netic Resonance, National High Magnetic Field Laboratory, 1800 In dla_magne.tlc pr_Ote'nS’ _the contributions from
East Paul Dirac Drive, Tallahassee, FL 32310, U.S.A. the N-I dipole-dipole interaction and the CSA of the
**To whom correspondence should be addressed. N spin are likely to be predominant, so that other
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mechanisms may be neglected. However, even in N-H tained from the photosynthetic bacteriirhalophila
subsystems in amides, the magnitude of the chemical This is a protein with 73 amino acids containing an
shift anisotropy may vary from one residue to another, FeSy cluster. Formally, two of the iron atoms in the
and it may not be satisfactory to assume an averagereduced state should have an oxidation stafeand
CSA of 160 ppm (Tjandra et al., 1996a). Furthermore, the other two an oxidation state3. It appears how-
chemical exchange in N-H groups may contribute to ever that all four iron atoms are equivalent with a
the apparent transverse relaxation rates (Palmer et al. hon-magnetic ground state (S 0) (Dickson et al.,
1996). In paramagnetic proteins, unpaired electrons 1974). Since the excited states are partly populated
lead not only to dipolar and contact interactions, but at room temperature, they have significant effects on
also to dipolar interactions between the Curie spin (av- nuclear relaxation (Banci et al., 1994; Bertini et al.,
erage magnetic moment associated with the electrons)1996a, b).
and the nuclear spins, which lead to an enhancement
of the self-relaxation rates of th& spin (Solomon, Theory
1955; Guéron, 1975; Vasavada and Nageshwara Rao,
1989; Banci et al., 1991; Bertini et al., 1996c). We shall consider a sub-system comprising a $jin
Cross-correlations between fluctuations of differ- its nearest neighbour protdn and, for computational
ent interactions can provide structural and dynamic convenience, no more than twelve remote protitls
information, provided satisfactory protocols can be = 1 ... 12 ). We consider the term&’;, Iz, I,
developed for their accurate measurement (Tjandra et2N:1iz and 2N I;.. These components may be locked
al., 1996a; Reif et al., 1997; Pervushin et al., 1997). along (possibly tilted) effective fields. A system of

We shall focus attention on the cross-correlation rate coupled differential equations is defined in analogy
3V-N1 je. the rate of conversion of Zeeman order (0 the Solomon equations, with a matfxthat con-

N. into longitudinal two spin order 2. I.. In dia- tains all self- and cross-relaxation rates. If there are 12
magnetic systems, such a conversion can only occur€mote protons, we have a system of 27 coupled equa-
when there is a correlation between the fluctuations of tions. An RF field with a carrier frequenay, and an

the 1°N CSA and theN-I dipole-dipole interactions. ~ amplitudewsy is applied in the vicinity of the Larmor

In paramagnetic systems, there are three relaxationfrequencywy. This gives rise to a tilted effective field
mechanisms due to unpaired electrons that can con-with an amplitudepf\{f = \/(wlN)Z + (wy — m;\{)Z
tribute to the self-relaxation rates of the nuclei, but and a tilt angledy with respect to the static magnetic
only the Curie mechanism (dipolar interaction with the field:

average electronic magnetic moment) can contribute O1N

to the cross-correlation ratd’-¥!. Chemical or con- Oy = arctan(irf> (1)
formational exchange processes are not expected to Wy — Oy

contribute significantly to this rate. In the absence of apother RE field with a carrier frequen@f]f is ap-

an RF field, the rat"-N! dep?st only on the spec-  pjied in the vicinity of the proton Larmor frequenay
tral density J(wy). When the™N magnetization is  of the nearest neighbour protén leading to an effec-
locked along an effective field tilted by an angle tive field with an amplitudes?’/ and a tilt angled;.
with respect to t]\t‘g lstat|c magnetic field, the cross- anajogous expressions can be written for the remote
correlation rated™ Nﬁ]\'jS[O depends od(0). Com-  gningy, . For simplicity, we shall assume that the trans-
parison of the rateg™ "’ measured with (at least) \grse componensy; is much larger than the range of
two qm‘e_rent angled)y allows one to separate the sets of all spind; and I, so that all tilt angle$;
contributions 0f)(0) andJ(wx)- _and6; may be assumed to be equal for= 1...12.

We shall give expressions for cross-correlation These angles will be denoted by the common symbol

N,NI i i . .
ratesd when thel and/orN magnetization com- g, The time-dependence of the density operatcan
ponents are locked along tilted effective fields. Effects pq c51culated as a function of the mixing tirag by

of spin-diffusion due to cross-relaxation raté4 be- diagonalisation:

tween neighbouring and remote protdpgand I;; will

be discussed, and different schemes for quenching o(tm) = eXp(—R1y) - 0(0)

spin diffusion will be compared by simulation and =V -exp—A1,) -V o(0) (2)
experiment. The methods have been applied to the where the eigenvalues d@f and the elements af de-
High-Potential Iron-Sulfur Protein iso | (HiPIP I) ob- pend on the tilt angle$y and6;. For proton systems,
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the relaxation rates in the presence of tilted effective Jy n; are proportional to each other. The contribution
fields have been given elsewhere (Desvaux, 1997).to the self-relaxation rate ofA2 I, that arises from the

The Hamiltonian in the laboratory frame is: dipolar interaction betweel andl is:
_ 271 . . .
H(t) = onN; + wlliz}ﬂ- Yol o =2 [sm2 0; coL 0y + Sinf Oy sin? 61]
+2w1y COwy 1) N, 3 Iy 0)
+2w17 €080} 1y + Silix] 1 _
+H (1) (3) +5 [(1+ coS 0y) cog 0 + Sint Oy
whereH(t) contains time-dependent dipolar and CSA sir? 91] Ini(on)
interactions which are responsible for relaxation. The 1 _
cross-relaxation rate (NOE) between neighbour and t15 [(1+ cos By ) sirf 0;+
remote proton components and/, locked along the Si2On (1 +coLon | s _
same tilted effective field is determined by the spectral 1 v+ 1)] wi(or = o)
densityJix (w) -4-5 [(1 +cog 6;) coS Oy +
. 1 . . .
ok = <S|n26, - 5) J1c(0) + sir? 07 J1x (1) sir? Oy S|n29,] Ini(wr)
1 . .
+2c0 0, J1x(207) (4) +5 [(1+ cos Oy) Sint 0; + sin? Oy (1+
where we have used the normalization of Desvaux, co 61)] Ivi (@1 + on) @)

1997, for the spectral density functions. A similar ex-

pression applies for a pair of remote protahsand Except for contributions from fast exchange processes
I. The superscripts on the raténdicate the density ~ (Akke and Palmer, 1996; Zinn-Justin et al., 1997), all
operator components (‘reservoirs’) that are coupled to- other self-relaxation rates result from a weighted aver-
gether, while the subscripts refer to the interactions age of longitudinal and transverse rates corresponding
that are responsible for their coupling. This notation t06; = 0° and 90:

may appear redundant in simple cases such as Equa- 0(8;) = p(6 = 0°) coL; + p(6 = 90F) sir?6; (8)

tion 4, but will be useful below. When two components

N and!. are locked along their respective tilted fields, Wherei may stand for one of the spim§ /; or ;.. The

their cross-relaxation rate (heteronuclear NOE) is: ~ Presence of a paramagnetic center leads to an enhance-
1 ment of all self-relaxation rates. These contributions
o1 = cosd; cosy —§JN[((1)[ — wN) can be evaluated by combining Equation 8 with ex-

pressions for relaxation rates7i/and 1I» arising

+2/n1(wr +oy)] ®) from dipolar and contact terms between nuclei and
The rate of interconversion betweev, and 2V, 1, electrons (Solomon, 1955; Guéron, 1975; Vasanada
arising from cross-correlation between the CSA of and Nageswara Rao, 1989; Banci et al., 1991; Bertini

spinN and the dipole-dipole interactiol is: et al., 1996¢). Dipolar interactions involving a para-
8 magnetic center may also induce cross-correlation

3%:%5 = —C0sb; [5 sir? Ox Jy, n1(0) effects (Bertini et al., 1993; Werbelow and Thévand,
1993; Méler et al., 1996). Cross-correlation between

+2(1+ cos eN)JNsN’(‘”N)] (8)  the dipole-dipole interactions-S and N-I may con-

whereJy y; is the relevant spectral density function. tribute to the rate of interconversion betwegp and
Note that in the absence of an RF field applied in the 2N:/::

vicinity of the 15N resonance (i.e., whety = 0), this NN 8 .

expression reduces 8\ = —4cosd; Jy n1(wn), Ovs.v1 = COSOr [5 SifF O Jvs, 1 0)

vyhlch is small in macromolepules. Irlb!glle slow mo- +2(1 4 co 9N)JNS,N1(<0N)] 9)
tion limit, the cross-correlation rat&y ', greatly

increases if one applies an RF field in the vicinity of Again, the superscript indicates the reservoirs that are
the 1N resonance so thaly # 0. If the internuclear  interconnected, while subscripts indicate the interac-
distance and the angle subtended between the princi-tions that are responsible for the flow of order from one

pal axis of the CSA tensor and the NH bond vector are reservoir to another. A comma is used when more than
constant, the two spectral density functiahg and two spins are involved. Note thdl s y7(w) is usually
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not proportional toJy; (), since it represents the = VNN (0) (11)
Fourier transformation of the cross-correlation func-
tion of the N-S and N-1 vectors, which is not only
affected by the motion of thil-1 vector, but also by
fluctuations of theN-S distance, by the relative mo-
tion of these two vectors, and by tespin dynamics.
Cross-correlation between the dipotd and theN-

S interactions involves thaverageCurie magnetic
moment <S> of the electron. Rapidly fluctuating
contributions average out, while the contact interac-
tion cannot contribute because it is characterized by a
tensor of a different rank.

Cross-correlation between the fluctuations of
chemical shifts and J coupling constants can contribute
to the rates™-V! (Briischweiler and Ernst, 1991). In
practice, these contributions are believed to be very
small in proteins.

To summarize, the flow between the Zeeman reser-
voir N, and the two-spin order®, I, is determined by
two contributions:

wheretn, is the mixing timea™ V! (v,,) the amplitude

of the corresponding cross peak in a two-dimensional
spectrum (see below), ad (0) the expectation value
of the >N Zeeman term at the beginning of the
mixing time. The measurement of the initial magne-
tization N,(0) requires a complementary experiment,
in analogy to cross-relaxation measurements jn C
CO systems (Cordier et al., 1996; Zeng et al., 1996).
Fortunately, this can be avoided by comparing initial
slopes obtained with different tilt anglég;. Indeed,
the initial slopex™-"! should have the same depen-
dence orty asd"-V! | sinceN,(0) does not depend on
6y, provided the effective field is rotated adiabatically
(see below). When the initial slopé’-V/ is measured
with two different tilt angles, i.e. witthy = 0 and

Oy # 0, one obtains a system of two equations de-
rived from Equations 6 and 11 which can be solved to
determine the ratio

_ JN’N[((L)N) _ 25ir129N

N.NI _ «N,NI N,NI =
8 =dyn1 T NS N1 (10) Jn.ni1(0) 3
the first (diamagnetic) term is due to cross-correlation kV-N oy = 0) (12)
beween the fluctuations of the CSA of tiNe spin kNN — %(1+ co O )KNN (6 = 0)

and theN-I dipole-dipole interaction, while the sec-

ond (paramagnetic) term s due_ o cr_oss-correlanon tion N.(0) and of the tilt angled; of the effective

between theN-S and N-I dipole-dipole interactions. field lied in the vicinity of th h )

In the experimental cases discussed below, the para- leld applied in the vicinity of the proton. e ratio
' r provides a valuable measure of local mobiliiast

magnetic contributiors)sy, is much smaller than il o increase/fy; (wy) and a
the diamagnetic contributicﬁﬁ:% for all 1N nuclei concomittant decrease df; y;(0). Therefore, a large
that are not too close to the f& center which is  ratio r should be indicative of the presence of fast
only weakly paramagnetic. We shall therefore disre- internal motions, while a small ratioshould reflect
gard the paramagnetic term in Equation 10. However, |ocal ‘rigidity’. Qualitatively, the ratior can be inter-

paramagnetic contributions to the self-relaxation rates preted in a similar fashion as the rafig/T; discussed

This ratior is independent of the initial magnetiza-

of Equation 8 will be taken into consideration. by Tjandra et al. (1996b) but it has the advantage
_ _ o that no assumptions need to be made about contribu-
Ratios of build-up initial rates tions from different mechanisms. Indeed, the ratid

Equation 12 is independent of the N-H distance (which
can vary due to hydrogen bonding), independent of the
chemical shift anisotropyo, (which may vary from
one amino acid to another) (Tjandra et al., 1996a), and
is not affected by chemical exchange.

If we recall that/y; andJy n; are usually considered

to be proportional to each other, the measurement of

the cross-correlation ratky 'y} of Equation 6 with

two different tilt angle®)y and®’,, and of the cross-

relaxation rate (NOEyY! of Equation 5 withhy = 0

can provide three independent measurements that suf-

fice to determine the spectral density functidg, Materials and methods

at the three frequencies @y, andw;. The cross-

correlation rate can be obtained from the initial slope A sample of!5N labeled HiPIP | was isolated and pu-

VN1 of the build-up curve of the conversion of, rified from E. coli cultures grown in a minimal M9

into 2N I medium enriched with'PNH4)>SO; (0.3 g/l). About
NN _ i I:—aN’NI(‘Em)i| fl_O mg purified protein was exchgnged through ultra-

m—0 | dtm iltration (YM3 membranes, Amicon) with 50 mM
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Figure 1. Pulse sequence used to measure the rate of conves8idW (cross-correlation rate) of Zeeman ord® into longitudinal

tWO-Spin order WZ [lZ' The phase CyCIe Wasl = (yvyv_yv_yvyvyv_yv_y)v ¢2 = (X!_X!X!_X!X!_X!X!_X)! ¢3 = (yry!yryr_yr_yr_yr_Y)! ¢4

= YY) 0ree = (X, —X,—X,X,—X,X,X,—X). All other pulses have phase x. The delays= 2.5 ms andAp = 2.3 ms were set slightly

below (417y )~ 1. The first selective RF pulse, which is applied to the water resonance, had a ‘seduce’ shape with a duration of 1.4 ms. The
second selective pulse had a Gaussian shape, a nutation angle® ph@@d duration of 2.2 ms. The last two water suppression pulses had
‘seduce’ shapes and a duration of 1.27 ms each. The durations and strengths of the field gradient pulsg§0n8res@ G/cm), & (3 ms,

25 G/cm), G (0.5 ms, 5 G/cm), G (0.5 ms, 8 G/cm). An off-resonance RF field may be applied to the nitrogen-15 spins with an RF amplitude
that must be increased and decreased adiabatically.

a static field B = 16.8 T and a proton Larmor fre-

F 105 guency of 720 MHz. An inverse triple-channel probe
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Figure 2. Two-dimensionalH-1°N heteronuclear correlation spec-
trum of HiPIP | from E. halophila recorded at 720 MHz with
the sequence of Figure 1 (mixing tiney
off-resonance irradiation in the vicinity of bo#?N andH reso-
nances {y = 6; = 35°). The total experimental time was about

3h.

potassium phosphate buffer, and the pH was gradually

= 70 ms) using

lowered to 5.0. The sample was concentrated to450

and reduced under anaerobic conditions by adding
20l of a 0.15 M buffered isoascorbate solution. The
final protein concentration was about 2 mM. All spec-
trawere acquired at a temperature of 288 K on a Varian
Unity Plus spectrometer at the National High Mag-
netic Field Laboratory in Tallahassee, Florida, with

with a self-shieldedz gradient coil was used. Each
two-dimensional spectrum consisted of 4K complex
points int; and of 64 increments im, extended by
zero-filling to 128 points. The data were weighted with
a squared cosine function in both dimensions. The
cross peaks were integrated after Fourier transforma-
tion. The assignments were taken from the work of
Bertini et al. (1994, 1996b).

The basic sequence used to measure the conver-
sion of N, into 2N, I, is shown in Figure 1. This
is closely related to experiments due to Boyd et al.
(1991). We have chosen to monitor the interconver-
sion of N, into 2N, I, afterthe evolution time1. Only
one 180 pulse needs to be applied to theN spins
after the mixing timery,. The off-resonance RF fields
are increased and decreased in trapezoidal fashion to
allow the magnetization to rotate adiabatically back
and forth between the directions of the static and the
tilted effective fields (Desvaux et al., 1995). For the
15N spins, the irradiation was applied at one chosen
offset, and the dispersion of the tilt angles experienced
by various nuclei was taken into consideration during
data processing. The phase cycling (see caption) was
chosen so that the signals vanish for long mixing times
(Sklenar et al., 1987). A hard 9@ulse applied to the
protons was followed by a strong dephasing gradient
G2 before the mixing timery, to eliminate any unde-
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Figure 3. Schemes used to quench spin-diffusion between the protons during the mixing time of the sequence of Figure 1. (A) Sequence that
leads to the inversion of all longitudinal terms excaptand 2V /;, in the middle ofty in analogy to the QUIET method. The delagg must

be (41Jyy)~1 = 2.7 ms. (B) Off-resonance field applied to the protons so that the effective field subtends aéyasgBs°® with respect

to the z axis. The field amplitude must be increased and decreased slowly (typically in 3 ms) so that the magnetization components are rotated
adiabatically.

[

sirablel, and 2V, I, terms, so that the signal vanishes principal axis assumed to be parallel to the N-H vec-
for tm = 0. Water suppression was obtained by a com- tor. The self-relaxation rates (diagonal elements of the
bination of water flip-back pulses (Grzesiek and Bax, R matrix) were estimated from Equations 7 and 8 by
1993) and the Watergate scheme (Piotto et al., 1992). summing over the dipolar interactions between all spin
The latter is implemented during the final delay that is pairs within a cluster, considering the contributions of
required to refocus X, I, into I, magnetization. Sign the®N CSA and the dipolar couplings to the electron
discrimination in then1 dimension is obtained by the  spins associated with each of the four iron atoms. We
States-TPPI method with phase-shifts of the firdt neglected the contact and Curie spin contributions, but
9(° pulse (Marion et al., 1989). not the dipolar contributions of the electron spin to the
Build-up curves were recorded with the sequence nuclear relaxation. The spectral density functions of
of Figure 1 with6y = 0° (i.e. without spin-locking the dipolar electron-nuclear interactions were assumed
field), with6y = 25°, and with6y = 35°, in the latter to be the same for all spin pairs (Bertini et al., 1996b).
case with the RF carrier placed on opposite sides ofthe  To estimate errors of the initial slope&-V/, ran-
resonance frequency. A typical 2D spectrum obtained dom errors generated by a Monte Carlo algorithm
with 6 = 6; = 35°is shown in Figure 2. All build-up ~ were added to simulated build-up curves, and biex-
curves were sampled with 13 to 1,4 increments be-  ponential functions were fitted to the resulting noisy
tween 20 and 400 ms (and up to 900 mstgr= 0°). curves. From the best-fitted functions, the initial
The amplitude of the RF field applied near th slopes were derived:
resonance was 0.92 or 1.2 kHz. In experiments where d
an RF field was applied near tH&l resonance, its O FGN’NI(Tm) = A2 — Ml (14)
amplitude was 5 kHz. The experimental cross-peak in- m .
tensitiesa™-V (1) were compared by a least-square The assquated errors were also determlne'd. Thus,
fitting procedure using a Levenberg-Marquard algo- N° assumptions need to be made about the indepen-
rithm (Press et al., 1992) with a biexponential function dence of the errors of the three paramefers, and
with two eigenvalues.; andz, suitable for a system 2.

of two coupled differential equations (see below): ‘We have considered various schemes to quench
NN spin diffusion (Figure 3) and checked their efficiency
a’ " (tm) = Alexp(—hitm) — exp(—hr2tm)] (13) both experimentally and by numerical simulations.

Numerical simulations have been carried out using 1° this effect, we have calculated the expected time-

a program written in C with parameters corresponding dePendence of a cross-peak amph_tuHeN’ (tm) and

to the experimental study. The distances and anglesthen fitted the build-up with Equation 13 to estimate
between the nuclei were derived from the solution the initial slopex™-"! defined in Equation 14. Since
structure of HiPIP | as recorded in the Protein Data the initial magnetization is not known, Equation 12 is
Bank (Banci et al., 1994, Bertini et al., 1996b). We used to determine the ratiof the spectral densities.
assumed an isotropic Brownian motion with an overall

correlation timer, = 4 ns, ant®N CSA tensor with a

cylindrical symmetry withAec = —160 ppm, and a
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Figure 4. Experimental build-up curves showing the conversion of
N into 2N, I, order for three amino-acids in HiPIP I: GluTyr!4,

Val®0. The filled diamonds were obtained without quenching spin
diffusion in the mixing time, open squares with the QUIET scheme
of Figure 3A, and open triangles with off-resonance proton irradia-

tion with a tilt angled; = 35° (Figure 3B). The continuous curves
correspond to best fits to the biexponential function of Equation 13.

Results and discussion

If the N-H system were truly isolated from its envi-

ronment, the interconversion &, and 2V, I, could

be described by reducing the dimensions of the matrix

R in Equation 2:

(2N 1) (tm) = =8 N(N,) (1)
—o" (2N 1) (1)

(No) (tm) = —p™ (N (Tn)

—3VEN Q2N 1) (1)

d

dt
(15)

d

dt
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Figure 5. Simulated recovery of inverted Zeeman magnetization
—N; and build-up of V;[;, considering either (dashed line) a
complete relaxation matriR including 12 remote protons or (solid
line) only a simplified two-dimensional relaxation matfkas in
Equation 15.

10.0 1 o QUIET

8.0 1 « without quenching

A.z (S'l)

residue number

Figure 6. The smallest eigenvalués (longest time-constants) ob-
tained by fitting the bi-exponential function of Equation 13 to
experimental build-up curves obtained with the basic experiment
of Figure 1 (filled circles) and with the QUIET experiment of Fig-
ure 3A (open circles) for all observable amino-acid residues in
HiPIP 1.

(N;) through cross-relaxation is much weaker than
the coupling betweefw,) and (N, I,) through cross-
correlation. In practice however, we cannot disregard
the effect of spin diffusion on the time dependence
of 2N,I,. Indeed, for a medium-sized protein with
1. = 4 ns at 16.8 T (720 MHz), the rat"-N/ is
comparable to the homonuclear cross-relaxation rate
o between two protong and /; separated by 230
pm (VN = 152 st ando! =1.51 s1). An ac-
curate description requires a sum of exponentials,

in a manner that is reminiscent of NOESY build-up
curves (Boelens et al., 1988; Borgias et al., 1990;

Itis not necessary to consider the time-dependenceMalliavin et al., 1992). Like in NOESY, the raté’-V/

of (1) because the coupling between this reservoir and

can in principle be determined by evaluating the initial
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slope of the build-up curves, but the signal-to-noise
ratio is usually not sufficient for short mixing times

tm. It is preferable to estimate the initial slope by
fitting the experimental build-up curve with the bi-

exponential function of Equation 13, where the rates
n1 and X, are the eigenvalues of the system of two
coupled equations of Equation 15. This only yields

slopes is difficult. The QUIET scheme leads to an at-
tenuation of the signals, mainly due to relaxation of
transverse magnetization during the pulse sequence,
but it does not affect the rates. On the other hand,
off-resonance proton irradiation leads to a decrease of
the cross-correlation rates (by a factor 1gosvhich

can be verified experimentally) and an increase of the

reasonable results if competing relaxation pathways self-relaxation rate of two-spin order. It is interesting

are effectively quenched. To check just how effective

to compare the experimental results with numerical

this quenching needs to be, we analysed the effect of simulations. In Figure 5, the decaydf and the build-

spin-diffusion on the build-up curves oM27, and on
the ratior of Equation 12 through experiments and
simulations.

To quench spin-diffusion among protons, two

up of 2V, I;; has been calculated using the complete
relaxation matrixR. This may be compared to the

behaviour that is predicted by considering only two
coupled equations as in Equation 15. Clearly, spin-

schemes were used. The scheme of Figure 3A wasdiffusion has little effect on the initial build-up, but

adapted from the QUIET-BIRD NOESY experiment
(Zwahlen et al., 1994; Vincent et al., 1996). The use of
two 180 pulses leads to the inversion of all longitudi-
nal termsexceptV, and 2V, I;,. In this way the effect

a more pronounced effect at longer mixing times. This
is described by the smallest eigenvalug (longest

time-constant), as may be appreciated in Figure 6.
If the simulated build-up curves are fitted to Equa-

of cross relaxation between the neighbour and remotetion 13, it is the smallest eigenvalue that is most

protons/; and I; on 2N_ I, terms is compensated
to first order by a flow of opposite sign, thus partly
guenching the effects of spin-diffusion. The scheme

affected by spin-diffusion. In a system withspins,
the curve decays slower for long mixing times than
in a system with only two spins. If spin diffusion

of Figure 3B, on the other hand, uses an off-resonanceis active, the smallest eigenvalae decreases and

RF field on protons in order to quench cross-relaxation

processes between all pairs of protons. If the corre-

lation time is sufficiently long{. > 1/w;), so that
only Jix(0) contributes significantly in Equation 4, the

weighted average of longitudinal and transverse cross-

relaxation rates vanishes foy = 35.3°. In practice,
two transients were added with offsets of opposite

signs with respect to the center between the chemi-

cal shifts of neighbour and remote protohsand I
(amide and K protons in the protein). This leads to a
small average variation of the tilt angles (Desvaux and
Goldman, 1996).

Figure 2 shows a typical two-dimensional spec-
trum of HiPIP, obtained with the sequence of Figure 1
with tilt angles6y = 6; = 35° and a mixing time
tm = 70 ms. Most residues can be identified, ex-
cept for a few (such as Hi§ Val®8 and Tyf?) that
are too close to the paramagnetig&ecluster to be
observed.

Figure 4 shows the build-up curves obtained for
three aminoacids (Gly Tyr'* and Vaf®) using two
different schemes to quench spin diffusion, which are
compared with experiments obtained without quench-
ing spin diffusion. The relaxation rates (eigenvalues
N1 andip) resulting from fitting the build-up curves
with the biexponential function of Equation 13 are
reported in Table 1. A direct comparison of initial

the longest time-constant becomes longer. Quenching
spin-diffusion therefore appears to accelerate the de-
cay. To simulate the quenching of spin diffusion by
QUIET experiments, the signs of all terms excapt

and 2V, I;, were inverted in the middle of the mixing
period. All terms excepiV, were attenuated by an
empirical coefficient 0.9 to account for losses due to
transverse relaxation during the pulses sandwich. The
build-up curve obtained in this way resembles that of
a two-spin system. Figure 7 shows build-up curves for
Leuw? and Sef3, which have been chosen because they
differ in the number of remote protons that occur in the
vicinity of their amide protons.

Table 2 shows the ratio, as defined in Equa-
tion 12, calculated for Le and Sef3. These ratios
were derived from theoretical build-up curves com-
puted with different methods for quenching proton-
proton spin diffusion. When the proton magnetization
is allowed to relax freely, the error of the ratiois
about 5% for S€r (low proton density) but rises to
10% for Lew® (high proton density). With an ideal
off-resonance irradiation with an effective field tilted
at 6; = 35.3° for all protons, all proton-proton
cross-relaxation rates vanish. Not surprisingly, Table 2
shows that in this ideal case there are no errors in the
determination of the ratio of Equation 12, since the
system is isolated from the surroundings. This proves
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Table 1.(A) Relaxation rates (eigenvalues, and x, in s~1) obtained

by fitting the experimental build-up curves of Figure 4 with the biexpo-
nential function of Equation 13 for three amino acids in HiPIP I. The
self-relaxation rates T4(15N) are also given. (B) Initial slopes (in arbitrary
units) of the corresponding build-up curves

A
without QUIET 0y = 35° inversion-
quenching recovery
N Ao MoA2 M Ao l/T]_(lSN)

Gl 159 051 76 18 201 11 217

Tyrl4 115 26 65 48 167 22 211

va®® 229 14 98 34 221 18 216

B
without quenching  QUIET 0y = 35°

Glu’ 94.5 49.1 71.4

Tyrl4 819 58.2 78.4

val®0  102.1 55.0 76.9

8_
2] FE Leu 59

intensity
intensity

v T T T l 0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
mixing time (ms) mixing time (ms)

« Oy=0°

= Oy=32°

Figure 7. Build-up curves showing the conversion & into 2N, 1;,, obtained with sequence of Figure 1, usihg= 35° to quench spin
diffusion among théH spins, andy = 0° or 35 for the 15N spins to estimate the ratfoof Equation 12. For Le¥? and Sef3, the build-up
curves were fitted to biexponential functions defined in Equation 13. In the rigid residdi® teeifact that J(0} J(wy) leads to a pronounced
dependence ofyy . In the highly mobile SE8 residue, the initial slope of the build-up curve is almost independety of

that relaxation pathways that are controlled by the rates are not much faster than the inverse of the mixing
ratesc™¥! for both neighbour protong and remote time (Schwager and Bodenhausen, 1996). In the simu-
protons; and pathways that are determined by the lations that have been summarized in Table 2, we have
rate VN1 for remote protong; have little influence considered mixing times up to 1 s, while proton-proton
on the measurement of the ra&t& "/ for neighbour cross-relaxation rates are on the order of several s
protons/;. Finally, we have investigated the dependence of the
By contrast, the suppression of spin diffusion by measurements on the signal-to-noise ratio (see Fig-
the QUIET method does not depend on the spectral ure 8.) We have simulated build-up curves with a
densities, but this approach can only be efficient if the proton irradiation withd; = 35.3°and values ofi,
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Figure 8. Effect on the estimates of initial sloped”-! of errors added to cross-peak amplitudes. The points and error bars represent the

averages and standard deviations obtained from 1000 runs where

random errors were added to simulated build-up curves, considering 17

mixing times ranging between 25 and 900 ms. Five different tilt an@iesvere considered while the proton tilt angle was kept constant to
§; = 35°. The parameters were those for P&wand Sef3 in HiPIP I. The horizontal dashed lines represent the exact values. A slight bias

appears for large errors which lies well within the standard deviation.

that were close to the experimental values. By Monte-
Carlo simulations, random errors were added to the

simulated intensities. We have determined the average

initial slopes(iy;*') and associated standard devia-

tions. The average initial slopes are always larger than

the exact ones. However, the differences between the
average best-fit values and the exact values are smaller

than the RMS deviations. The discrepancy between
(N:NTY andichyn is largest for small angley and

high proton density.

Dynamic properties of the HiPIP | protein

Comparison of the initial slopes of the two buildup
curves acquired with and without nitrogen irradiation
gives an immediate measure of local mobility. Figure 7
shows experimental build-up curves for 28uwhich
lies in a rigid inner part of the protein, and for $&r
which is the last residue in the protein. When an off-
resonance field is applied to theN spins, the initial
slope increases dramatically for [ubut it is hardly
affected for Sef®. This indicates that ‘switching on’
the effect of the spectral density contributié v (0)
has a much larger effect for Lelithan for Sef®. This
is a clear indication of the higher local mobility of
Ser'3 compared to Let?.

The ratior defined in Equation 12 has been de-
termined for all observable amide groups in HiPIP I,

=
3
o

i
S

JInni(0)

0.47

0.27

0.0
0

16 20 30 40 50 70

residue number

60

Figure 9. Ratiosr as defined in Equation 12 for different amino-acid
residues of HiPIP I.

as shown in Figure 9. Large values mfindicating
enhanced local mobility, can be observed for residues
3,6,7,8,10, 15,18, 24,31, 40,50, 59, 61,62, 72, and
73. Several of these mobile residues (i.e., 6, 7, 8, 10,
15, 61, 62) are concentrated in a region packed around
Tyr4 as may be seen in Figure 10. This residue is
conserved in all homologues of HiPIP from differ-
ent photosynthetic bacteria, and its aromatic ring is
close to the iron-sulfur cluster, thus contributing to
a hydrophobic core around the cluster. Site-selective
mutants of this residue with His, Trp, Ala, Leu, Phe,
such as a Y14F mutation, were shown not to be very
stable (lwagami et al., 1995; Li et al., 1996). The
Tyr!4 residue gives two hydrogen bonds, one as an
acceptor with the side chain CO of A¢none as a
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Table 2. The dimensionless ratiq as defined in Equation 12, extracted from numerical simula-
tions of different schemes used to quench spin-diffusion. Errors in percent are given in brackets.
Attention is focused on two amino acids with different proton densities"3ws a lower density

(12 remote protons within a sphere of 4.6 A radius) and®éas a higher density (12 remote
protons within a sphere of 3.9 A radius). The arfijle= 0° corresponds to free relaxation without

irradiation on protons. Fd#; = 35.3°, all cross-

relaxation rates between protons vanish. The

QUIET scheme of Figure 3B inverts all terms excéptand 2V, I;, in the middle of the mixing
period, which should cancel cross-relaxation processes among protons to first order

Ser3 Lew??

(rexact = 0.234) Cexact = 0.232)

0, =0° 6; =353° QUIET 0;,=0° 6; =353 QUIET
6y =15° 0.253 0.234 0.256 0.235 0.232 0.237

(+8.1%)  (0%) ¢-9.4%) (+1.3%)  (0%) ¢-2.2%)
Oy = 30° 0.226 0.234 0.226 0.243 0.232 0.244

(-3.4%)  (0%) (3.4%)  (+47%)  (0%) (+5.2%)
Oy = 45° 0.227 0.234 0.228 0.257 0.232 0.258

(—3%) (0%) 2.6%) (+-10.8%) (0%) 411.2%)
Oy = 60° 0.244 0.234 0.242 0.272 0.232 0.276

(—4.3%)  (0%) ¢-3.4%) (F17.2%)  (0%) -19.0%)

C-ferminus

Figure 10. Ribbon diagram of the solution structure of HiPIP | from
E. halophila In addition to the backbone, the iron-sulfur cluster
(large spheres) and the Hrside chain are shown. Rigid residues
with smallr ratios as defined in Equation 12 are drawn in dark grey
(upper right loop), partly mobile residues with mediurvalues are
drawn in light grey, and highly mobile residues with higkalues
are drawn in black.

donor with the NH amide group of L§% stabilizing

a region of the protein involving residues 6, 7, 8, 10,
15, 61, and 62, where a higher internal mobility was
detected. Another interesting region of the protein is
the loop spanning residues 40-50, represented by
dark grey loop in the upper right of Figure 10. In
this case, mainly low values afare observed, with
the exception of positions 40 and 50. This is quite

surprising, since this region was found to crystallize
in two different conformations (Breiter et al., 1991)
and some discrepancies were observed between the
calculated and the experimental proton NOEs (Bertini
et al., 1996a). Therefore a high internal mobility was
expected. Of course, this mobility could occur on a
time scale that is slower than the overall correlation
time of the protein, which cannot be detected by the
methods described in this work. The residues around
Phe?®, which separates the iron-sulfur cluster from
the solvent molecule that is approximately opposite
to Tyr'4 and which was suggested to be involved
in the electron transfer, could not be detected. The
NH group of this residue gives a hydrogen bond with
a sulfur atom of the iron-sulfur cluster, like Hfs
Cys6, Val®8 Ala’®, for which build-up curves could
not be recorded. Longitudin&H self-relaxation rates
for some of these protons were found to be very fast
(e.g. Tt = 10 ms for Vaf®) (Bertini et al., 1996b).
Therefore the self-relaxation rate ov2l;, must also

be very fast, which should profoundly affect the shape
of the build-up curve.

Conclusions

3We have shown that information on the dynam-

ics of N-H vectors can be obtained without using
the self-relaxation rates Ty{ 1°N} and 1/7»{1°N} or
1/T1,{ **N}. The measurement of the cross-correlation
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rate V-V can provide similar information. This ap-
proach is not affected by various relaxation mecha-
nisms that contribute to the self-relaxation rates. Con-
tributions from fast chemical exchange to transverse
relaxation cannot interfere. This can be useful for
both dia- and paramagnetic proteins. Therefore, this
method, coupled to the measurement dfy1/with
variable spin-lock amplitude, provides a clean way to
separate fast internal motions from motions that are
slower than the overall rotational correlation time of
the protein. The HiPIP | protein does not show a large
dynamic heterogeneity. Only a region in the vicinity
of Tyr'4 shows a relatively high internal mobility. On
the other hand, the region between residues 41-49 ap
pears to be more rigid, although X-ray diffraction has
indicated that this region may crystallize in different
conformations.
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