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The application of multiple quantum filtered (MQF) NMR to
the identification and characterization of the binding of ligands
containing quadrupolar nuclei to proteins is demonstrated. Using
relaxation times measured by MQF NMR multiple binding of boric
acid and borate ion to ferri and ferrocytochrome ¢ was detected.
Borate ion was found to have two different binding sites. One of
them was in slow exchange, kg = 20 = 3 s at 5°C and D,0
solution, in agreement with previous findings by 'H NMR (G.
Taler et al., 1998, Inorg. Chim. Acta 273, 388-392). The triple
quantum relaxation of the borate in this site was found to be
governed by dipolar interaction corresponding to an average B-H
distance of 2.06 + 0.07 A. Other, fast exchanging sites for borate
and boric acid could be detected only by MQF NMR. The binding
equilibrium constants at these sites at pH 9.7 were found to be
1800 + 200 M~ and 2.6 = 1.5 M™" for the borate ion and boric
acid, respectively. Thus, detection of binding by MQF NMR
proved to be sensitive to fast exchanging ligands as well as to very
weak binding that could not be detected using conventional
methods.  © 1999 Academic Press

Key Words: *B-NMR; cytochrome ¢; multiple quantum filtered
NMR; borate ion; boric acid.

INTRODUCTION

influencing the efficiency of electron transfe?, @). Cyto-
chromec is known to bind small anions including metabolites
such as phosphate ions and AT®, 4). This interaction is
known to affect the mobility of the electron carrier protein anc
has been interpreted as an extra role for the protein as an i
carrier 6, 6). Recent'H and ‘B NMR measurements revealed
that the tetrahedral borate anion, B(QHbpinds specifically to
cytochromec (7). Borate ion can serve as a model compoun
for studying the ion interaction with the cytochrome’s surface
and can be studied by bothl and*'B NMR.

"B NMR spectra of dilute boric/borate solutions consist o
a single peak which is a weighted average of the signals |
boric acid (B(OH)) and borate ion (B(OH)) which are in a
fast equilibrium according to the reactio8—11):

H,O + B(OH); 2 B(OH),; + H* pK 9.2. [1]

The individual chemical shifts of B(OH)and B(OH), are 20
and 2 ppm, respectively, relative to the standard®™BF; (9).
The tetrahedral symmetry of B(OH)which results in a small
electric field gradient and therefore a very small quadrupolz
interaction, leads to a relative narrow linewidth of about 10 H:
while the trigonal structure of B(OH)eads to a linewidth of

The aim of this work was to exploit the multiple quantunypout 100 Hz 10).

filtered (MQF) NMR technique for the identification and char- | the presence of cytochrome the appearance of new
acterization of the binding of small molecules containing qugsaks was detected in th® NMR spectrum 7). These peaks
drupolar nuclei to proteins. It has been previously shown thgre assigned to borate ion specifically bound to the prote
spin3 nucle| in systems with a slow reorientation correlatiogng exchanging slowly with the free borate in soluti@ (
rate, ., relative to the Larmor frequencys,, can give rise o | the present study additional binding sites for both borat
double and triple quantum filtered NMR signal3.(Thus, this jon and boric acid that are in a fast exchange with the fre
technique can be L_Jsed to follow binding of ligands containingyecies in the bulk were revealed by MQF NMR spectroscop
quadrupolar nuclei to macromolecules. We present here tigjs technique enabled the characterization of the differel

first demonstration of such an application, applied to the sysnding sites in terms of binding constants, exchange rates, a
tem of boric acid and borate ion binding to cytochrome  rg|axation parameters.

Cytochromec is a globular, 12 kDa, heme protein with a
positively charged surface that serves as an electron carrier in
the cell mitochondriaZ). The ionic interaction with the surface
of the cytochrome is believed to have a significant role in the Horse heart cytochrome, di-sodium tetraborate (borax),
direction of the interaction between the cytochrome and th@d boric acid were purchased from Sigma. The cytochron
enzymatic aggregates, cytochrome reductase and oxidase, Hulstions were prepared in either aqueous or deuterat@8%o
D,0) solutions of sodium borax (which dissociates in the
solution into four monovalent borate ions) or of boric acid. The

MATERIALS AND METHODS
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pH was adjusted with DCI and NaOD or HCI and NaOH; the a
pH readings for the deuterated solutions are given without
correction for the deuterium isotope effect and are designated
as pH*. Small amounts of potassium ferricyanidgF&(CNY),
were added to the ferricytochrome solutions to ensure full
oxidization of the iron atom. Ferrocytochrornevas obtained

by reduction of the cytochrome solution with dithionite in a
strictly anaerobic atmosphere followed by sealing of the NMR
test tube. 10 8 6 4 2 ppm

"B NMR spectra were acquired using Bruker AMX360-WB b.
and ARX500 NMR spectrometers with 10 mm broadband
probes. The 90° pulse length in both spectrometers was about
30 us. Chemical shifts fot'B were measured using an external
reference of sodium tetraphenylborate wih'B) = —6.3 ppm
for this compound relative to M®.BF; standard.

The ratio of borate ion to boric acid at 5°C and,M® : l : : : . .
solutions was determined based on the pH* value and a pK* of 10 8 6 4 2 ppm
9.28 = 0.05 that was determined from the fitting of a titration
curve of the chemical shift of boric/borate solutions vs pH*
the same conditions. Similar work by Hat al. (9) in aqueous
solutions and a temperature of 33°C gave pK 8.7.

MQF NMR spectra were measured using the standard pul@%ult, the 7.1 ppm peak with the smallBg/ T, ratio is more

sequencel( 12 attenuated (see Fig. 1), thus reducing its influence inTthe
measurement of the 2 ppm peaks. The IR-TQF pulse sequer
90°-7/2-180-7/2-90~t,—90°~Acq; (2] (Eq. [4)) is different from the IR-DQF used previously ft
(14) in that the second pulse has a tip angle of 63.1° instead
double quantum (DQ) or triple quantum (TQ) coherences we®@°. This pulse transfers the tensbr, into T,., tensors, but
selected using the appropriate phase cyclit®.(T,; and T unlike a 90° pulse, eliminates the transfer of the undesired
were determined by fitting of the dependence of the intensity #fat was formed during the time interva),into T,., and thus
the MQF signal} o, 0N the creation times, to the expression measures only the recovery of .

FIG. 1. The"B (a) SQ and (b) TQF# = 1.4 ms) NMR spectra of 100
%M borate solution with 4 mM ferricytochroneat 5°C, 11.4 T, and pH* 9.7.

g = Alexp(—7/T,) — exp(—7/Ty)]. [3] THEORETICAL BACKGROUND

The MQ relaxation time3, or Ty, were determined from the It has been shownl( 15 that for nuclei with spin ol = $
monoexponential decay of the MQ signal as a function of thender the condition ofv,7. > 1 one can measure four trans-
evolution time,t;. These measurements were performed usingrse relaxation times: two of the singl€,(, T,.), one of the
a modified sequence (Eg. [2]), where a 180° pulse was intrdsuble {To), and one of the triple quantunT {,) coherences.
duced in the middle of the, evolution time. Ther value was A T,JT ratio larger than one is essential for obtaining MQF
the time ... that gave the maximum MQF signal. signal (). In recent publicationsl®, 16, it has been shown
The transverse relaxation timé,, for the protein-free so- that T, and T, are significantly affected by dipolar interac-
lutions was measured using the spin echo sequence. Tiiems. The decay of the longitudinal magnetization consists ¢
methods were used for the measurements of the longitudinab relaxation timesT,;, andTy;, and is given by 17)
relaxation time,T,: (1) The inversion recovery method; (2)
Owing to partial overlap between the broad, intense peak at 7.1 _ _ _
ppm and the narrow, weak peaks at 2 ppm, another pulse M2(t)-Mo = (M(0) = Mo){0.8 ext—t/Ts)
sequence, denoted as IR-TQF (Eq. [4]), was used to measure + 0.2 exg—t/T,)}. [5]
the T, of the 2 ppm peaks.

Since the ratio ofl ;; and Ty is always between a factor of 1
180°—t-63.1—7ya/ 2-180—Tpa/ 2-90—-t,-90°—Acq. and 4, this decay curve cannot be resolved into two exponer
and the result of the monoexponent decey**™, was approx-
[4] imated as I7<™ = 0.8/T,, + 0.2/T, (18).
The system of borate/boric acid and cytochromean be
In this pulse sequence the 90° pulse of the conventiorggscribed by a fast chemical exchange between free borate

inversion recovery experiment is replaced by a TQ filter. Asfeee boric acid in the bulk, a slowly exchanging bound specie
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(borate bound to the protein), and a fast exchanging boutie B Larmor frequency. For the slowly exchanging bounc
species (either borate or boric acid bound to the protein). borate (condition I)R™, can be simplified as
The exchange rates of these processes obey the following

conditions, respectively, RE*C = frok = Urpoua (i = 2s, 2f, DQ, TQ, 1s, If,  [9]

condition (1) for the slow exchange processk < pAw wheref . is the fraction of borate not bound to the cytochrome
and 7,,,nq IS the exchange lifetime of the bound borate.

For the case of the fast exchanging bound borate or bor
acid (condition I1), one should consider the contributions to thi
relaxation of the free species in the bulk whesgr, < 1.

o Under the assumption that the dipolar interaction is conside
order of the MQ transition ¢ equals 3 for TQ, 2 for DQ, and ably smaller than the quadrupolar interaction, one can write fc

1 for .SQ)’ a_mdAw s the frequ.ency dlﬁ_‘erence between th e different single and multiple quantum relaxation rates c
chemical shifts of the exchanging species. The bound spegies

have a slow reorientation correlation rate so that, > 1, € fast exchanging species:
whereas the free species in the bulk undergo a fast reorientation
motion with w7, < 1.

There are three mechanisms that contribute to the relaxation o ]
rate of the TQ, DQ, and SQ coherences: the modulation of th8€ dipolar and quadrupolar contributionsRpare weighted
quadrupolar and dipolar interactions by reorientation motidYérages of contributions from the bound and free species
and the modulation of the chemical shift difference by cherif2€ System and simplify to
ical exchange. The complete expressions for all the relaxation

condition (1) for the fast exchange processek > pAw,

wherek = 1/7, + 1/7, andt,, 7, are the exchange lifetimes
of the two exchanging species in each casis, the coherence

R = R2+ RP + R, [10]

times (Tye, Ti, Toe Tan Tog, Tro) are given in the Appendix R = f.R%+ fuR7, + fRD: + f4RD

and the appropriate expressions for the various cases are given )

below. (i = 2s, 2f, TQ, DQ, 1s, Iif [11]
~ For the bound specie@(r. > 1), assuming that the dipolar R? = fRY + f,RS + f.RS + fRS,

interaction is considerably smaller than the quadrupolar inter- ’ ’ ’

action, one can write for the different single and multiple (i = 2s, 2f, TQ, DQ, 1s, 2f [12]

quantum relaxation rates,
wheref,, f,, f., fy are the fractions of bound boric, bound
RPM= RP + RP + RF*C, [6] borate, free boric and free borate, respectively. The expressic
for the R? and theRpR of the bound borate or boric acid are
wherei = 2s, 2f, DQ, TQ, 1s, or 1f. In this cas®’, the given in Egs. [7] and [8], respectivelR? and theR? of the

dipolar contribution to th&R™™is given by boric acid or borate ion in solution whetg,r. < 1 are
RP = 1/5D%r, (i = 2s, 2 [7a] RP=D?r. (i=29 [13a]
R3, = 4/5D %7, [7b] RP=6D%r, (i =DQ, TQ, 2. [13b]
R, = 9/5D %1, [7c]

The dipolar interaction has negligible contributionRg, and

Ry:.
whereD = #y,ys/r ., is the 'B—H dipolar interactiong, is

the molecular reorientation correlation time, and the factors 4
and 9 in Egs. [7b] and [7c] are the squares of the coherences of
the DQ and TQ transitions, respectively. The dipolar intera
tion has negligible contribution tB,, andRy;. R?, the quadru-
polar contribution to thdr™™is given by

R2= x27J10 (i = 2s,2f,DQ,TQ, 1s, f  [14]

E-or the case where thg; is governed by fast chemical ex-
change (condition II) the contribution of the fast exchang
between free borate and boric acidRp can be simplified as

RR= x%¥(16wir) (i =2s,TQ [8a]

REXC = f f(Aw) ¥k (i = 2s, 20 [15a]
.Q = 2 i =
R(; XZTC/ 20 2 (i = 2f, DQ) (8] REXC = f fy(2Aw) 2k [15b]
R = x/(40w§T) [8c] REC = f,f,(3Aw) K, [15c]
R = x*/(10w§o), (8d]

where the factors 2 and 3 are the coherence of the DQ and T
wherey is the nuclear quadrupolar coupling constant agds  transitions, respectively. The exchange term has no contrib
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tion to Ry or Ry;. The fast exchange between the free and TABLE 1

bound borate or between the free and bound boric acid has @&ransverse and Longitudinal Relaxation Times at Different
negligible contribution t&R™°, since the fractions of the boundMagnetic Fields for the 2 ppm Peaks at 5°C, pH* 9.7 and H,0
species are smaller than the free ones and the frequency effutions
ferences between the free and bound species are considerably

smaller than that between the borate and boric acid. h0 Magnetic field
Clearly Rpq andRyq cannot be measured unless some bind-  Relaxation times(ms) 8.45T 11.74T
ing to the protein occurs so th&,, # Ry (1); however, the
expressions for all the relaxation times are given for complete- 11 ig ig
ness. T; 0.65 0.73
Tro 8.4 9.0
RESULTS

#The experimental errors were10%.

Figure la is the'B spectrum at 11.4 T of 100 mM borate

solution with 4 mM ferricytochrome at pH* 9.7 and 5°C. The ) _

large peak at 7.1 ppm is the same as that of the weight@&d 6 ppm) are independent of temperature and pH in the ran

average of 70% B(OH)exchanging with 30% of B(OH) The of 9—1_0- ) ) )

peaks at 2.1 and 1.8 ppm were assigned to B(Qdpecifically A triple quantum filtered (TQF) NMR experiment yields a

bound to two conformations of the ferricytochromehat are SPectrum with three peaks (Fig. 1b), two at the specificall

present at the given pH valug, (7). The assignment was based’0und site around 2 ppm and one at the chemical shift of tt

on the chemical shift which is similar to the chemical shift oporate/boric acid bulk peak at 7.1 ppm, suggesting two diffel

free B(OH);, which appears at 2.0 ppm, and the narrofnt types of binding sites designated as | and II, respectivel

linewidth of 14 Hz which is consistent with the tetrahedral "€ 6 ppm shoulder and most of the bulk peak at 7.1 ppm a

symmetry of this specieg’). Only one peak, at about 2 IOpmyellmlnated in the TQF spectrum. The TQF spectrum obtaine

appears in the spectrum of ferrocytochromend 100 mM for ferrocytochromec _(not shown) consists of two pe_aks at 2

borate solution under similar pH and temperature conditioR8d 7-1 ppm suggesting the same two types of binding sites

(not shown). This is in agreement with the finding that ferrdor the ferricytochtome.

cytochrome appears in one conformational form in the pH

range discussed above)(The peak around 6 ppm in Fig. 1a

is observable also in ferrocytochroréorate solution and is ppm)

presently unassigned. The chemical shifts of the peaks appearFhe changes in the TQF peak intensities as a function of tf

ing in the presence of ferri and ferrocytochromé¢around 2 creation time of the third rank tensor {(n Eq. [2]) for both
types of binding sites are given in Fig. 2. The curves were fitte
to Eq. [3] yielding the values of ,, and T for the two binding

elaxation Studies of Binding Site Type | (the Peaks at 2

au },3(1 W sit_es. Tables 1 and 2 summarize the .difft_erent transyersg rele
) ~ ation times T, T,y T1o) @and the longitudinal relaxation time
0.8 (;v) TNY (T,) at two different magnetic fields: 11.7 and 8.4 T, at 5°C, ir
8 h o - H,O solution at pH 9.3 and @ solution at pH* 9.7 so that
g ) S~ - pH = pD. Since theT,, T,, andT, values for the two peaks
g, 0.6 ( T~ _ -
<
T 0.4- TABLE 2
& Transverse and Longitudinal Relaxation Times at Different
[¢] Magnetic Fields for the 2 ppm Peaks at 5°C, pH* 9.7 and D,0
= 0.2 Solutions
D
0.0 1 T T © ' (‘? ;O Magnetic field
0.000 0.005 0.010 0.015 0.020 sec Relaxation time$
T + 10% (ms) 8.45T 11.74 T
FIG. 2. Experimental results (circles) and fitted curves of the changes in T, 38 43
the TQF peak intensities as a function of the creation time of the third rank Tos 25 32
tensor,r, (Eq. [1]) for the peaks at 2 (dashed line) and 7.1 ppm (solid line). The T 0.51 0.60
lines were fitted according to Eq. [2] yielding the valuesTgfandT 5 for the Tro 18 20

two types of binding sites. The experiment was carried out on a sample of 100
mM borate solution with 4 mM ferricytochromeat 5°C, 11.4 T, and pH*9.7.  # The experimental errors were10%.
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at 2.1 and 1.8 ppm were identical we will refer simultaneouslyable 5. The quadrupolar coupling constgygsr, was found
to the two peaks. to be 260+ 10 KHz. This relatively small value is consistent
As can be seen from Tables 1 and 2 thg and theT;, with a distorted tetrahedral nature of the bound borate, as it
values are appreciably different and the, value is indepen- comparable to solid tetrahydrate borates and is much small
dent of the magnetic field. This rules out a relaxation mech#éran trigonal borateslg).
nism which results predominantly of a quadrupolar interaction The dipolar interactions for the bound borate ipCHsolu-
because for such a mechanidm is expected to be equal totion were found to be 8.& 0.6 KHz. The relaxation in BD
T+1o (EQ. [8a]). The fact that th&, value remains practically solution agreed with the'B—°H dipolar interaction (which is
the same at the two magnetic fields rules out fast modulationsrhaller than the"B—"H dipolar interaction by the ratio of
chemical shift as a significant relaxation mechanism (Egq(‘H)/y(*H) = 6.5) with some contribution from about 3%
[15c]). Also, it provides further evidence that the contributionesidual protons that were present in thgODsolution. Thus,
of the quadrupolar interaction t0., is not significant (Eq. the dipolar interaction of thé'B nucleus in HO solution
[8a]). The only interaction that gives rise to field independengsults solely from exchangeable protons.
T+o Which is shorter thai , is dipolar (Egs. [7a] and [7c]). Other values that resulted from the fitting of the experimen
Although contribution of slow exchange b, is also field tal results were the correlation times, for the bound borate.
independent, it cannot give rise to differeif, and T,s (Eq. These values were calculated separately for th® Bnd DO
[9]). Thus, the main interaction that governs the TQ signablutions and were 1& 1.5 ns and 15 2.5 ns, respectively.
relaxation timeT 1, is dipolar and if there is some exchange of hese correlation times are in fact the correlation times of th
the bound species with the bulk it must be very slow. The slightotein in solution and since the viscosity of thesolution
increase in thd; and T, values with the magnetic field mayis greater than that of the @ solution by a factor of 1.309 at
originate from a small contribution of quadrupolar interactiob°C (20), the correlation times in the two solvents are different
to these relaxation times. The contribution of exchange to the equations resulted in
SinceT, of the 2 ppm peaks due to the bound species (38lative slow exchange of the bound borate with free bora
ms in D,O at 8.7 T, Table 2) is significantly longer than thavith Kscixion0f 20 = 3 s in D,O solution in good agreement
T, value of the protein free borate/boric acid solution (6.@ith the value of 24+ 2 s found independently using
ms), under the same conditions, the value of 16f the exchange measurements on the cytochrenpeotons 7). A
bound species provides an upper limit for their exchang®emewhat higher value of 38 4 s was found for the KO
rate (L8). The excess relaxation of T, (55 s*) over that solution as expected for less viscous solvent. The fittings we
of 1/T, (26 s™*) is mainly due to dipolar interaction (see Eqnot sensitive to either chemical shift differences or to th
[6]). relaxation rates of the free borate, as expected for a system
In order to investigate the possible effect'sf="'B dipolar slow chemical exchange with the bulk.
interaction on the relaxation mechanism of this site one should
compare the relaxation times for the®and DO solutions  pe|ayation Studies of Binding Site Type Il (the Peak at 7.1
(Tables 1 and 2, respectively). In the®solution theT o, T, ppm)
andT, values are significantly decreased while Thevalue is
increased relative to the ,D solution. These results are con- The results of the various relaxation timds, T, T, and
sistent with the expected effects of replacing deuterons wiil,, in two magnetic field strengths (8.7 and 11.4 T) and tw«
protons, i.e., increasing the dipolar interactibn,and decreas- temperatures (5 and 25°C) at}®@ solution and pH* 9.7 for the
ing the viscosity. Increasing the dipolar interactidd, is signal at 7.1 ppm are summarized in Tables 3 and 4. The rat
expected to shorten the;, value (Eqg. [7c]), as indeed wasof T,/ T, of 4.3 obtained for site Il (Table 3) is much smaller
observed (Table 1). Lower viscosity results in shorter reorietihan that obtained for site Mo/ T, = 53, Table 2). This is
tation time, ., and larger chemical exchange rdtewhich are because the relaxation rates of site Il are weighted averages
expected to shorteh, andT, (EQs. [82], [8c], and [9]), again, free and bound species while those of site | are those of boul
consistent with the experimental results. On the other hbjd, species only. The lower,/ T ratio of site Il is responsible for
which is mainly governed by quadrupolar interaction, is exhe fact that the TQF signal intensity is much weaker than th:
pected to be affected mostly byrl{Eq. [8b]) and thus should of the SQ one41), although both TQF and SQ spectra repre
be lengthened. sented the same species. All relaxation times were found
increase with temperature. This is an indication that all equ
libria contributing to this signal are in fast exchange. The
similarity of T, and T, in the protein solution (4.6 and 2.0 ms,
The measured parameters for this site at the different magspectively) to thél; andT, in the protein-free borate solu-
netic fields and types of solvents were fitted to a relaxatidion at the same conditions (6.2 and 1.8 ms, respectivel
model that assumes exchange between free and bound statisates that the relaxation tim@sg and T,, are mainly de-
using Egs. [A1]-[A5] in the Appendix. The fitted parametergermined by the relaxation times of the free species in the bu
that describe the borate at this binding site are summarizedaith a small effect from the interaction with the protein.

Analysis of Relaxation Times for Binding Site Type |
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TABLE 3 (Egs. [15a] and [15c]). The increase Df, with the tempera-
Transverse and Longitudinal Relaxation Times at Different ture is consistent with a TQ relaxation mechanism that i
Magnetic Fields for the 7.1 ppm Peak at 5°C, pH* 9.7 and D,O  governed by chemical exchange, because the exchange 1

Solutions increases with temperature.
5oc In order to assess the contribution of the dipolar interactio
- Magnetic field to the relaxation, the measurements were repeated.,d H
Relaxation times solutions instead of ED. No significant changes were ob-
+ 10% (ms) 845T 11.74 T served for theél';, T, Ty, andT values. Thus, a major effect

of the dipolar interaction on the relaxation of tH& nuclei at

T, 4.6 6.0 e

T, 20 17 this site was ruled out.

Ta 0.65 0.39 _ ] o _

Tro 0.35 0.18 Analysis of the Bound Species at Binding Site Type I

* The experimental errors wers10%. The fact that the peak at 7.1 ppm passes the TQ filte
® This value is less precise than the other measurements since the relaxdfigficates that at least one of the species contributing to th
time is comparable to the 180° pulse length of 68 peak binds to the protein. At pH* 9.7 the solution contains botl
borate and boric acid at a ratio of 7:3. In order to find ou
whether boric acid binds to cytochrormeve prepared a boric
The increase of, in the protein solution with increased tem-acid—cytochrome& sample at a pH* value of 5.4. At this pH*
perature is a result of the decrease of the reorientation correlati@iue the cytochrome preserves its native struct@jeaqd,
time, 7., of the free species, which fulfills the extreme narrowingased on the boric/borate equilibrium constant of pK* 9.28, th
condition, w,7, < 1. Since theT, of the free boric acid (2.5 ms) borate concentration is negligible. Both the SQ and TQF spe
is much shorter than that of the tetrahedral borate ion (whichtis gave a single peak at 20 ppm—the chemical shift of th
larger than 300 ms) and the measukRgd= 1/T, is a weighted pure boric acid. As can be seen in Fig. 3, the signal of the bor
average of the relaxation rates of the two species (Eq. [12]), theid in the presence of the protein passes the TQ filter. This
effect of the temperature on tfg of their mixture is due to the a clear sign that the boric acid binds to the protein. Tig
variation of ther, of the boric acid (Eq. [14]). relaxation timesT,, T, Ty, and T4, at 5°C and 8.7 T were
T, of the protein solution and, of the protein-free solution found to be 1.8, 1.9, 0.5, and 1.8 ms, respectively. The shc
are shorter than th€&, of the corresponding solutions. This isT,, relative to the other relaxation times, is a result of the
due to the contribution to the transverse relaxation stemmibmding to the protein. The similarity betwedn, T,, andTq
from chemical exchange between free borate and boric agidicates an extreme narrowing conditian,f, < 1) and thus
(Eqg. [15a]). A rough estimate é&fbased on Eq. [15a], using therules out an effect of the binding to the protein on thes
chemical shift difference between the borate and boric acid flaxation times. In fact these values are quite similaFte=

18 ppm Q) and Eq. [16], 2.5 ms measured for the protein-free solution of boric aci
under the same conditions. Thus, the value§0fT ,,, andT+,
REXC = R, — R, [16] of the protein solution are determined by the relaxation of bori

acid in the bulk. The somewhat shorter values of these rela

givesk = (0.9 + 0.1) X 10° s and (1.0 0.1) X 10° s ation times, compared to thie of the protein-free solution, is

based on the measurements at magnetic fields of 8.7 and 11.4
T, respectively, in protein-free [ solution at 5°C. The value
of T, for the protein solution, 0.65 ms, is shorter thag 2.0
ms, indicating a signifigant contributi(_)n from the relaxation irﬂ/lagnetic Fields for the 7.1 ppm Peak in D,0 Solutions pH* 9.7
the bound state. The increase Df with temperature stems and 25°C
from the shortening of, of the protein (Eqg. [8b]).
T+ is much shorter thaifi,; and was found to have a strong 25°C Magnetic field
dependence on the strength of the magnetic field and to in-
crease with temperature. As was discussed above for site type
[, quadrupolar relaxation alone is not consistent with different

TABLE 4
Transverse and Longitudinal Relaxation Times at Different

Relaxation time¥’ (ms) 8.45T 11.74T

. _ T 7.3 7.2
Tro and T, values. The two relaxation mechanisms that can Ti: 2.7 unresolved
give rise to such a difference are dipolar interaction and fast T 1.3 unresolved
chemical exchange. However, the strong dependente,ain Tro 0.50 0.24

the magnetic field points to the chemical exchange as the main !
contribution to the TQ relaxation rate. One may note that the, The experimental errors were10%.
) y For T,/ T, less than 3, the bi-exponential separation is uncertain.

contribution of the chemical exchange Tq, is greater by @ <this value is less precise than the other measurements since the relaxat
factor of p> = 9 than the contribution of the exchangeTg time is comparable to the 180° pulse length of &€
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The three measured parameters, chemical shiftand Ty,
remained practically constant with the change in the total bor
acid concentration indicating weak binding. Thus, the condi
tions [B], > [Cyt — B(OH);] and [Cyt — B(OH);] < [Cyt],
apply to the present system. In this case the fraction of bour

boric acid is given by

f5°" = [Cytlo/ (K poric + [Blo)- [18]

The fact that thel o, and thus alsé;”™ (Eq. [12]), remained
constant with the increase in the total boric acid concentratic
up to 80 mM, gives an upper limit to the binding constant o
Kooie < 12.5 M™%, An estimation ofK ,,;. can be obtained by

30 20 10 ppm assuming that the value of the quadrupolar coupling constant
bound boric acid is the same as that of solid boric acid, i.e
FIG. 3. The changes in the TQF peak intensities as a function of ﬂ}?boriclzw = 2.56 MHz (19) This assumption is reasonable since

creation time of the third rank tensar(Eq. [1]), for a sample of 100 mM boric
acid and 4 mM ferricytochrome at 5°C, 8.7 T, and pH* 5.4.

the y value is practically the same for a variety of trigonal

borates 19). Subtracting the contribution of the free boric acid

_ _ ) ) o ) ~(given by R,) from Ry and using Egs. [8b] and [12], one
consistent with the increased viscosity in the protein solutiopptains the net effect of binding given bRy — R, =

The short relaxation times are the result of the strong quadflgericxz,rc/zo_
polar interaction in the boric acid which does not have C“b@otainstonc

symmetry.
The fact that thel,J/ T+, ratio at pH* 5.4 is close to unity

rules out any contribution from modulation of a chemical shift a.
by chemical exchange and from dipolar interaction (see Egs.

[13] and [15]). TheT,s and T+, relaxation times at both pH*
9.7 and pH* 5.4 are determined by the relaxation in the bulk.
However since at pH* 5.4 the solution consists only of boric

acid there is no contribution of chemical exchange to these

relaxation times and therefore their ratio is unity, unlike the
T,J T+ ratio at pH* 9.7.

The nature of the bound species in the mixture of borate and

boric acid was studied by comparison of the relaxation times
and the chemical shifts at different concentrations of boric acid
or boric/borate mixture. The two relaxation times that are most
sensitive to the effect of binding afe; and the double quan-
tum relaxation time Ty, (Eq. [8b]). Since theT,/T, ratio
obtained from conventional TQF experiment for the boric/
borate mixture (pH* 9.7) was found to be in the range of 2—-3,
the sensitivity and accuracy of the fittdd; values was not
sufficient to follow small changes in the amount of binding. As
Tpo is Obtained by a fitting of the DQF decay to a single
exponent its determination is more reliable than thak paind
therefore it was used for the evaluation of the extent of binding.

Figure 4a gives the measured values for the chemical shift,

T, and Tpe, for a sample of ferricytochrome at different
concentrations of boric acid, [B] All measurements were
carried out at pH* 5.4 and 5°C with a constant protein con-
centration of [Cyt} = 4.3 mM. Assuming a single binding site

C.S.(ppm), T1 x 10 (ms)

C.S.(ppm), T1(ms)

N
»n

20

18

16

10

Using ar, of 15 ns (Table 5, site type I) one
=19 M™".

0.7

Toa (ms)

T T T d T T T T 0.1
0 20 40 60 80 100
[Blo (mM)

0.7

- 0.5

Toa (ms)

- 0.3

[Blo (mM)

for boric acid the equilibrium process is given by FIG. 4. The experimental values at 5°C and 8.7 TTof(A), Too (®), and
the chemical shift®) as a function of [B] in solutions containing 4.3 mM
ferricytochromec at two pH values. (a) pH* 5.4. In this case only boric acid

K boric

Cyt+ B(OH),

is present. (b) pH* 9.7. In this case [BF [borate] + [boric acid]. The

continuous lines are computed using the fitted parameters given in Table 5 1
Cyt — B(OH)S [17] site type II.
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In Fig. 4b values for the chemical shift andT, are given 1
for a sample of 4.3 mM ferricytochroneeas a function of total — d
borate/boric concentrations, [Blat a constant pH* of 9.7 and b o
5°C. One may note that all three parameters exhibit marked 0.1 4 T
change at low values of [B]in contrast to the above caseof f | " " =- —--—--.
pH* 5.4 where only boric acid is present. Two additional b
equilibrium processes should be considered for this sample in 0.01 4
addition to the boric acid—cytochrome equilibrium (Eq. [17]).

The equilibrium between the free boric acid and borate ion in —
solution (Eqg. [1]) and the binding of the borate ion to the 0.001 . v ' .
cytochrome (Eq. [19]) is 0 20 40 60 80 100

[Blo (mM)

Cyt— B(OH),. [19] FIG. 5. The calculated fractions, (&§°™, (b)f £ (c) f £, and (d)f ™=
shown on a logarithmic scale, as a function of the total boron concentratio
[B]o, for a sample containing 4.3 mM ferricytochroraat 5°C and pH* 9.7.

el . The fractions were calculated according to the equilibrium constant,,
A model based on the three equilibrium processes given jilk, (table 5) obtained in the fitting of s, Too, and the chemical shift

Eqgs. [A9]-[A16] in the Appendix was successfully used tQalues (Fig. 4b) by the four site model give in the Appendix.
account of the experimental measurements of the chemical

shift, T, and Tp. The experimental results were fitted to Eq.

[A16] with the resulting equilibrium constants and microscopi
parameters given in Table 5. Curves calculated on the basi
the fitted parameters are shown in Fig. 4b. The value
PKoichorae9-28 = 0.07 obtained in the fitting procedure agree
with the value of 9.28t 0.05 found independently for protein
free borate/boric acid solution as explained in the experimen
section K. andK e Were found to be 2.6- 1.5 and 1800+

K borate

Cyt + B(OH) ;

8]0 M, respectively. The value of the binding constant of the
Pric acid is consistent with the slightly lower value estimatet
r the acidic solution of pH* 5.4.

An insight into the various contributions to the measure
emical shifts and th&, and T, relaxation times can be
obtained from the fraction of the various species that can &
calculated from the fitted values of the equilibrium constant

(see Fig. 5). The trends of the chemical shift andralues are
TABLE 5 the result of the increase of the combined fractions of the fre

The Parameters Obtained for Binding Sites Type | and Il in  and bound boratef(°™° + f**9 at lower [B],. This is because
D,0 Solutions at 5°C Using the Relaxation Analysis of Two and  poth species are expected to have low chemical shift and lo

Four Sites Models, Respectively® T, values. The double quantum relaxation ratef, s}/ is gov-
Bori erned by a combination of contributions from bound boric acit
oric . .
Borate(ly Borate(llf acidqy? ~ @nd borate ion and by the chemical exphange of t_he free spec
(Egs. [10], [12], and [15b]). The relative proportions of these
Kaissociaion S 304 >8 x 10' >5x 10°  contributions vary with [Bj.
20+ 3¢
Kiinging M ™" (13= 2y 1800 * 200 2.6+ 15
D/2m, KHz 8.8+ 0.6 — — DISCUSSION
Ter NS 15.0+ 2.5 150+ 15 —
10.0+ 1.5 In the present work three distinct binding sites of borate io
Xoound 2, MHZ 0.26+0.01 0.48 > 0.04 gz-iﬁﬁ and boric acid to cytochromewere characterized using MQF
(boric/borate)e.’ pK 9.28+ 0.07 k=(12+014)x 10°s ™

NMR measurements: One for slowly exchanging borate io
2 The error in the parameters was calculated by systematic variation of e:ﬂ:‘%p_e ) _and two for fast exchanging (type II) t_)orate ion anc
of the parameters in the table to the extent that the residual of the least mbaric acid. The presence of the slowly exchanging borate ion
squares is not larger than its maximum value as can be determined by the logghsistent with previous rate measurements using proton NM
and upper limits of the relaxation times given in Tables 1 and 2. of cytochromec (7). The relatively small value of/2 for the

® Two site analysis using the relaxation measurements in Tables 1 and[%. .
° Four site analysis using thE;, Tpo, and chemical shift measurements a ound borate at site type I (0'26 MHZ) suggests a tetrahed:

different boric/borate concentrations at 8.7 T. symmetry that is probably somewhat distorted within the bind
? Values obtained for kD solution. ing site, so that the measurgt2 value is higher than the 0.09
° This value was obtained by Talet al. using '"H NMR exchange mea- MHz found for solid state NMR borate ion in MB(OH),CI

surements on the cytochronoprotons in borate solutiongx but it is smaller than that for distorted borates witm ~ 0.4

" A value taken from Brayet al. (19). . .
9 Using the relaxation times in Table 3, at 8.7 T &d° = R, — R, and MHz and much smaller than for trigonal borates w2 ~

Eq. [15¢] orR®C = R,. — R, and Eq. [15a], the same valuelof= (1.20+ 2.5 MHz (19). As was reported in our previous publications
0.12) X 10° s™* was obtained. (15, 19 the TQ relaxation time of spifinuclei is sensitive to
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dipolar interaction. This was found to be the case for the borateggested mechanism can be that the borate ion in the sl

ion bound to the slow exchanging site. Assuming, based erchange site is buried and hindered while the fast exchange ¢

distance consideration, that the dipolar interaction found fogsults merely of electrostatic interaction of the borate ion witl

H,O solutions D/27 = 8.8 KHz) resulted mainly from the exposed parts of the surface of the cytochrome. This mechani:

interaction of the boron atom with the hydroxyl protons of this supported by a recent molecular dynamics stu#y (hich

borate itself, the distance between them calculated using thdicates the presence of a “tight” binding site and two “loose

expressiong ;, = /ZﬁyHyB/D is 2.06+ 0.07 A. This value binding sites, in cytochrome. In that work the difference be-

is in agreement W|th the value of 2.09 A calculated on tH®/een the tight and loose binding sites was not in the interactic

basis of the O—H and B-O distances of 0.96 and 1.48 Aut akinetic one. The tightly bound borate is first placed near tr

respectively 22) and the B-O—H angle of 116° found forprotein surface as in the loose binding site, but it becomes int

boric acid at 130°K 23). The reorientation correlation time,drated into the protein hydrogen bonding network and remair

7. = 10 = 1.5 ns, that was found for the bound borate bpound with little positional fluctuations, and therefore exchange

fitting the results to the two site model may be compareMth the solvent very slowly.

with the 7, of the cytochrome. A rough approximation af

for the cytochrome was obtained using the Stokes—Einstein CONCLUSION

equation with a protein radius of 16 A and the viscosity of

pure water at 5°C«{ = 1.519 cp) and yielded a value of 7 MQF NMR measurements were demonstrated to be an ¢

ns. The two values agree considering the higher viscosity fective tool in the identification and characterization of the

the cytochrome solution compared to pure water. Thus, thanding of ligands containing quadrupolar nuclei to proteins

7. of the bound borate is the same as that of the cytochromibe MQF method made it possible to reveal the existence

indicating restricted motion of the borate in its binding sitedinding sites that could not be detected by conventional S
Other binding sites for borate and boric acid were discoverstethods. Another benefit of the MQF method was the poss

by the MQF NMR measurements. The single MQ signal olpility to measure for the quadrupolar nucleus dipolar interac

tained for these sites resulted from borate and boric acid tii@n with the consequent geometrical information.

bind separately to the cytochrome and undergo a fast exchange

with free borate and boric acid in solution. The fast exchange APPENDIX

made these sites undetectable by or "B SQ spectra. The

binding of boric acid to cytochrome was found to be rather  The full expressions for the single quantum transverse r

weak with a binding constank u,:, of 2.6 + 1.5 M " at pH* |axation rate:

9.7. An independent confirmation of this binding was obtained

by MQF experiment at pH* 5.4. The binding constant at this 1 x?

pH was estimated to be 1.9 M The similarity between these T, 40 [Jo(0) + 2Jg(@) + Jo(2w))]

values in spite of the fact that the cytochromes surface at pH*

9.7 is less charged (because some lysine residues on its surface 1/ 1 1 1

become neutral) agrees with binding that is based on the ) (TlDl+ T?.) + 5 SQRT2 [A1]

formation of hydrogen bonds.
Kboo the binding constant of the negatively charged boraigith i = f for the plus sign ani = s for the minus sign, where

ion in the fast exchange site is much higher th&l,., indi-

cating additional electrostatic interaction. It may be noted that 2

the high value oK}, is on the same order of magnitude as —5 =-=S(S+ 1)[4J(0) + J(w, — ws)

one of the binding constant of phosphate ions at pH 7 to Tin 15

cytochromec (3, 4). Other, much smaller binding constants of

phosphate ions to different cytochrome sites are also known T 6J(wg) + 3)(@) + 6J(w + ws]

(3), resembling the multiple binding pattern of the borate ion. 1 D?

Owing to the structural similarity between the B(QH)nd the TD, ~ 15 S(S+ 1[4J(0) + 11)(w; — ws)
dihydrogen phosphate ion,AQ; , it is likely that the latter ion '

is that bound to the cytochrome in phosphate solutions. + 6J(ws) + 33J(w) + 66J(w, + wy)]

The difference between the two binding sites of the borate ion
is very striking. The slow exchange site (type 1), which is reflected®QR T2
clearly in the NMR spectru()m of the herr:e surrounding protons, 2 72
has low binding constanK{,.. = 13 M) (7) while the fast A _ A _
exchanging site (type I1) has much higher binding constéht.(. _ 20 [3(0) JQ(ZwI)]} ' 50 [1o(0) = Jol20)]
= 1800 M ). One may speculate that structural considerations y ( 11 ) (1 1 ) ?
dictate the binding mechanism, thus affecting the exchange rate. A TS, TI, TS, T,
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and

D = fiysylre.

The double quantum transverse relaxation rate:

237

= 1/1, wherer,, 7, are the exchange lifetimes of the two sites;
p is the coherence and equals 0, 1, 2, or 3 for the longituding
transverse, DQ, or TQ relaxation rates, respectively;/sads
the frequency difference between the chemical shifts of th
exchanging species.

Four sites. The following equilibria are considered:

2 2
. 8b~ k
Tog 20 [3e(0) + Jof2w)] + 7757 S(S + 1) Cyt + B(OH)3—><—1 Cyt — B(OH), [A6]
X [23(0) + (o — wg) + 3)(w9) K1
+ 3J(w) + 6J(w, + wI)]. [A2] ks
B(OH); =—— B(OH), (ataconstantpH [A7]
The triple quantum transverse relaxation rate: K-z
ks
2 2 Cyt+ B(OH), =——= Cyt — B(OH), [A8]
X Yl 4 y 4
TfTQ =20 [‘]Q(wl) + JQ(zwl)] + 5 S(S+ 1) k 3
X [123(0) + J(w — wg) + 18)(ws) Yielding the simple relations (Egs. [A9]-[A14]):
+ 3J(w,) + 6J(w, + wg)]. [A3]
fa
The single quantum longitudinal relaxation rate: K= fPy [A9]
2 fq
L X e + Jo(20)] + ot - SORTL [A4 275, IAL0]
T, = 20[ Q(wl) Q( wl) 2TI13,0_ 2 Q [ ] c
. . . o Ks= ;o [Al1]
i = f for the plus sign and = s for the minus sign, where foP>
fa+fp+f.+fy=1 [A12]
2 3 2 4 2
SQRT1= \/{)1(0 [Jo(@) — Jo(2w)] + Ti’o} + {TE’O} P, = [Cyt], — f{B]o [A13]
' ’ P, = [Cyt]o — fy[B]o, [A14]

1 2D?
=15 S8+ D[I(w — w9 + 3)(w)

D
Tio

+ 6J(w, + wg)].

Jo(w) and J(w) in the above expressions are the spectr
densities due to quadrupolar and dipolar interactions, resp

tively.

The Effect of Chemical Exchange

wheref,, f,, f., f4 are the fractions of bound boric acid, bound
borate, free boric acid, and free borate, respective)yandP,
are the concentrations of the sites on the protein available f
Ej&nding boric and borate, respectively; and [Gyhd [B], are

g total concentrations of the cytochrome and the boric/borat
respectively.

Based on these equations a cubic equation for the fraction
bound boric acid in terms of the equilibrium constants,[&jd
[Cyt], is given as

Two sites. Assuming isotropic chemical exchange between

two sites, a and b, one can replace the expressions for the

relaxation rates given in Eqgs. [A1]-[A4] by

1
R. =5 {=ipAw + R+ R} + ky + ky

af3+ a,f2+a,f,+a,=0

+

wherej can be 1s, 1f, 2s, 2f, DQ, or TR} and R} are the
relaxation rates for sites a and b, respectivkly= 1/7, andk,

J(=ipAw + R¥— RP + k, — ko) 2 + 4kky},

a,= —C3
@, = C3C; + C3C, + C3 + C4C3 + C3 — CsCsy
a.2 = C5Cl + C5C2 - C3 + 0503 - C4 + C5
[AS] 33 - _C5
Cz
C, Kfz
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