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Electron Spin-Lattice Relaxation Rates for High-Spin Fe(lll) Complexes
in Glassy Solvents at Temperatures between 6 and 298 K
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The temperature dependence of spin-lattice relaxation rates
was analyzed for four high-spin nonheme iron proteins between 5
and 20 K, for three high-spin iron porphyrins between 5 and 118
K, and for four high-spin heme proteins between 5 and 150 to 298
K. For the nonheme proteins the zero-field splittings, D, are less
than 0.7 cm™, and the relaxation is dominated by the Orbach and
Raman processes. For the iron porphyrins and heme proteins D is
between 4 and 12 cm™ and the relaxation is dominated by the
Orbach process between about 5 and 100 K and by a local mode at
higher temperatures. The relaxation rates for the heme proteins in
glassy matrices extrapolated to values at room temperature that
are similar to values obtained by NMR relaxivity in fluid solution.
This similarity suggests that for high-spin Fe(ll1l) heme proteins
with effective intramolecular spin—lattice relaxation processes, the
additional motional freedom gained when a relatively large pro-
tein goes from glassy solid to liquid solution at room temperature
has little impact on spin—lattice relaxation. © 2000 Academic Press

Key Words: Debye temperature; electron spin—lattice relaxation;
high-spin Fe(l11); local vibrational mode; methemoglobin; met-
myoglobin; Orbach process; Raman process.

INTRODUCTION

with a Debye temperature of 116 K7)( The relaxation of
Fe(lll) in a single crystal of calcite between 1.4 and 195 K wa
fitted to a direct process at low temperature and a Ram:
process with a Debye temperature of 463 K at higher tempe
ature @). These studies demonstrate the dominance of tt
Orbach process for heme proteins at low temperatures a
suggest that the Raman process may be important at higt
temperatures in immobilized samples. The Raman and Orba
processes are two-phonon processes, which means that
energy to be released to the lattice is the difference between 1
energies of two phonon modes. The Orbach process involve:
low-lying excited state. The Raman process involves a virtu:
excited state. In fluid solution, Fe(lll) relaxation rates havi
been estimated from NMR proton relaxivity measurement
(9-14 and are of interest to design NMR contrast agents.
As part of our studies of the effect of a more rapidly relaxinc
spin on the relaxation rate of a more slowly relaxing spin t
obtain interspin distanced§, 19, we seek to understand the
temperature dependence of the relaxation rates for high-sy
Fe(lll) at temperatures between 5 and 300 K. In this report w
analyze the temperature dependence of spin—lattice relaxat
for four nonheme Fe(lll) samples with zero-field splittind¥) (

Early studies of electron spin-lattice relaxation for high-spiless than 0.7 cit (1 K) and seven heme Fe(lll) samples with
Fe(lll) were performed predominantly at temperatures belobetween 4 and 12 cm (5.7 and 18 K). For comparison, data

about 10 K. The temperature dependence ®f Tharacteristic

are included for one Cr(lll)$ = %) complex.

of the Orbach process has been observed by EPR for high-spin

Fe(lll) in camphor-bound cytochrome P-450 frdPseudomo-
nas putidabetween 1.5 and 2.5 KO( = 3.5 cm %) (1) for
whale aquo-metmyoglobin in randomly oriente?] 8) or sin-
gle crystal ) samples between 2 drt K (D = 9.26 @) or

EXPERIMENTAL METHODS

Horse heart myoglobin (Mb, Sigma) was used without pu
rification. Mutants of sperm whale myoglobin in which valine

7.92 cm* (3)), for aquo-methemoglobin and aquo-metmyo66 was replaced by cysteine (Mb—V66C) or lysine 98 wa
globin between 4.2 and 10 KD( = 7.0 or 7.2 cm, respec- replaced by cysteine (Mb—K98C)T) were expressed in bac-
tively) (4), and for whale fluoro-metmyoglobin in 1:1 waterteria as described by Springer and Slige8)( A nitroxyl spin
glycerol between 2 ah4 K (D = 6.1 cm ') (2). The influence label was attached to the cysteines in Mb-V66C and Mb
of iron spin—lattice relaxation on the hyperfine splitting iK98C and the heme iron was oxidized to Fe(lll) to prepar
Mdossbauer spectra of whale aquo-metmyoglobin betweerREMb—V66C andR-Mb-K98C (7). To form the fluoride
and 10 K exhibited the temperature dependence characteriaticlucts, 200 mM fluoride was added to solutions at pH 6.8. T
of an Orbach proces$(6) and above 60 K it was proposedprepare the formate adduc®,(3 M sodium formate pH 7.0 in
that the Raman process dominatéjl The temperature depen-50% glycerol was added and the sample was concentrated. 1
dence of CW EPR linewidths for aquo-metmyoglobin betweeaddition of formate and subsequent sample concentration w
77 and 180 K in water:glycerol was fitted to the Raman processpeated several times. Conversion to high-spin iron was co
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firmed by CW EPR spectra at 15 K. Tris(oxalato) chromipublished data for the temperature dependence of igr
um(lll) (Cr(ox)3") was prepared by the method of Bailar andris(oxalato)ferrate (Fe(0x)) (21), iron transferrin carbonate
Young 19). 1:1 v:v glycerol was added to the aqueous sampléseTfCO;) (21), iron transferrin oxalate (FeTfoxalate21),

to ensure glass formation. Sample concentrations after additioon enterobactin bound to iron protei (FeEnt) @2), iron

of glycerol were 0.3 to 2 mM and in this concentration rangetratolylporphyrin fluoride (FeTTPF)LE), iron tetratolylpor-
the relaxation rates are independent of concentration. Sampdagrin chloride (FeTTPCI)X5), iron tetratolylporphyrin bro-
were degassed by three to four freeze—pump—thaw cyclesde (FeTTPBr) 15), methemoglobin fluoride (Hb—F)16),
Horse heart Mb—F in sucrose glass was prepared by dissolvargl aquo methemoglobin (Hb-8) (16) were analyzed. Un
4.5 mg Mb and 0.3 g sucrose in 3 mL of 30 mM phosphateertainties inT, are about 10%.

buffer, pH 7.0, containing 200 mM Ffollowed by lyophil- The experimental data for I/ as a function of temperature
zation overnight. Horse heart Mb—formate in sucrose glass wasre fitted to Eq. [1] by minimizing the sum of the residuals or
prepared by dissolving 4.5 mg Mb and 0.3 g sucrose in 3 na_log—log scale.

of 1 M sodium formate-formic acid buffer, pH 7.0, followed by

lyophilization overnight. The sucrose glasses were placed in 1 T 0, @2 T
EPR tubes that were evacuated overnight to remove residuallf = AT + ARam<6) Jg (T) + Aoc |:(erJT_1)2:|
water and back-filled with a partial pressure of helium. ' P

Spin-lattice relaxation rates, J, for the Fe(lll) complexes Ay Ad,
up to about 10s™* were measured by 3-pulse inversion recov + Aon [eAOrt’T — 1] + Aoz [eAOrbZ’T - 1] '
ery on a Bruker ESP380E spectrometer. For Co%)T, was
determined by saturation recovery on a locally constructed
spectrometer20). Experimental data were fitted to a singlevhereT is temperature in Kelvingdy;, is the coefficient for the
exponential using a nonlinear least-squares algorithm. Fits @fntribution from the direct proces&g.. is the coefficient for
the data to the sum of two exponentials frequently were bettee contribution from the Raman process, is the Debye
than to a single exponential. However, the temperature depesmperature), is the transport integral,
dence was essentially the same for the time constants obtained
by the single- and double-exponential fits. Because there is less

. i ) i 0 0o/ T e
scatter in the time constants obtained from the single-exponen- Js (D> — X8 5 dx
tial fits, these values were used in the analysis of the temper- T (e*—1) '
ature dependence of the relaxation rates. Deviations from a
single exponential may be due to a distribution in reIaxatioR
rates.

For Mb—F, R-Mb—F, Mb—formate, anéR—Mb—formate the
linewidths of the EPR signals in the CW spectra are tempe
ture dependent above about 15 K. In this temperature range
electron spin relaxation time constaltwas determined from
the temperature-dependent contribution to the linewidt) (
and the assumption was made tiat = T,. For the iron
porphyrins and heme proteins the relaxation rate abd& is
orientation dependent, but rates at temperatures above abo
K are not orientation dependerity, 1§. The data analyzed in
this study were obtained in the perpendicular plage~<( 6).
There is no interference from the spin label signal in this regi
of the spectrum and the iron relaxation rate was not impact
by the presence of the spin label.

Temperatures between 4.2 and 70 K were obtained with
Oxford 935_cryostat on the ESP380E or an Oxford ESR900 %r'grategy Used in Fitting the Experimental Data
the saturation recovery spectrometer. Temperatures between
90 and 298 K were obtained with a Varian liquid-nitrogen The temperature dependence of 1for the Raman process
cooled-gas flow system. The temperature at the sample relaiwalistinctive if data are available over a sufficiently wide
to the Oxford readout was calibrated by replacing the sampémperature range and if the Raman process dominates.
with a tube containing a thermocouple immersed in 1;0H Raman process has been observed to dominate spin—lat
glycerol. The estimated uncertainty in temperature is abaelaxation for organic radicals in dilute glassy solutions be
1K tween about 10 and 100 KRT). The direct process results in a

In addition to the data obtained for these samples, previousityear dependence of T/ on temperature and has been ob

(1]

e 1S the coefficient for the contribution from a local vibra
tional mode A, is the energy for the local mode in Kelvins,
on andA,, are the coefficients for the contribution from the
rgach process involving the two excited Kramers’ doublets «
and 6D, andA,, and Ay, are the energy separations
between the ground state and the two excited states for t
Orbach process in Kelvins.
Mathematical expressions for the temperature dependence
qg—lattice relaxation are taken from the following reference:
aman proces8, 29, local mode 25), and Orbach process
(26). Equation [1] includes the Orbach process for the middl

amers’ doublet4.,, = 2D) and the upper Kramers’ doublet
ﬁomz = 6D) of the high-spin heme. For each process the fu
mathematical form of the expression was used to permit a
%Lj]cation over a wide range of temperatures.
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TABLE 1
Relaxation Processes for High-Spin Complexes

a

Temperature

Sample Lattice range (K) OrbachAg, Aoz 2D RamanAg, 6, Local, Ac, A
Cr(ox); H,O:glyc 15-70 3.6X 10, 2.0 1.2x 10/, 85 1.0 X 10™, 300
Fe(ox}~ H,O:glyc 7-30 1.4X 10°% 1.4 x 10%, 0.43 4.7 X 10', 65
FeTfoxalate HO:glyc 5-20 1.0x 10°, 1.0 X 10*, 0.70 1.6 X 107, 52
FeTfCO, H,O:glyc 5-20 7.6x 107 7.6 X 10%, 0.86 2.7 X 10', 52
FeEnt HO:glyc 6-20 3.4x 107, 3.4 X 10%, 1.4 2.3 X 107, 52
FeTTPF toluene 4,5-118 2% 10°, 1.7 X 10%, 11
FeTTPCI toluene 4.6-117 18 10%, 1.4 X 10%, 18
FeTTPBr toluene 4.5-118 94 10%, 1.0 X 10%, 32
Mb—F H,O:glyc 4.8-298 1.9x 10°, 1.9 X 10°, 14 4.5 % 10%®, 1000
Mb—F* H,O:glyc 2-4 6.1x 10° na, 17.5
Hb-F H,0O:glyc 4.2-150 2.4x 10° 5.8 X 10%, 17 2.7 X 10®, 300
Mb—formate HO:glyc 4.6-298 6.4x 10° 1.1 X 10°, 23 2.9 X 10", 700
Mb—H,0O* H,O:glyc 2-4 9.9% 10° na, 26.3
Hb-H,0 H,O:glyc 4.3-150 2.0x 10%, 3.9 x 10°, 30

2 Energies (D, 0p, A,) are in Kelvin.

® Process makes small contribution in temperature range examined so parameters are very uncertain.

¢ Ao, Was set equal té\o,, in the fitting procedure.

4 To be consistent with the form of Eq. [1], values of the coefficiég reported in units of 8 by Scholeset al. Biochim. Biophys. Act244,206-210 (1971)
were converted to's K ? by dividing by (2D)°.

served to dominate at low temperature for a variety of metal,, or Ay, by 10—-20%, without compensating changes i
ions 28). An approximately linear dependence ®nalso is other parameters, caused a significant increase in the stand
observed in the high-temperature limit of the Orbach procedsviation for the fitted line. Errors in the coefficierfts,, and
(26) and in the high-temperature limit for a local vibrationalA., are correlated with errors i because increasing the
mode that can be approximated as a tunneling oscill@4): ( characteristic energy requires increasing the coefficient to o
Similar ambiguities in assigning relaxation processes arit@n approximately the same relaxation rate at a particul:
because the temperature dependence Bf i essentially the temperature. Although the overall fit function is dependent o
same for the Orbach process and for a local mode when th@h Ao, and Ay, the fit at lower temperatures is more
temperatures are less than the characteristic enérgy,or sensitive toAy,, than toAq,. Uncertainties in the temperature
A, Thus when data are available over a limited temperatuealibrations at the lower temperatures could cause systeme
range, distinctions between some processes require judgmentsrs inAo,, that can be partially compensated by changes |
concerning plausibility of a process for a particular parama#w,,. The values oA, and 6, obtained for the samples with
netic center. small D are quite uncertain because of the overlap with th
Since zero-field splittings of the magnitude observed f@rbach process. For the samples in which a local mode w
many high-spin Fe(lll) complexes provide low-lying excitednvoked, its contribution was significant over a relatively nar
states, the Orbach process is a plausible relaxation processdav range of temperatures well belaw,,, which makes the fit
Fe(lll) complexes. Literature values Dfare: Fe(oxj , 0.09 to parameters quite uncertain. Thus the numerical values of sol
0.20 cm* (0.13 to 0.28 K) depending upon the lattic29); of the fit parameters are quite uncertain, despite the fact that t
FeTfCO, and FeTfoxalate, 0.25-0.27 ¢m(0.36—0.39 K) overall shapes of the plots of log(lly)) vs log(T) clearly
(30, 31; FeEnt, 0.50 cm (0.71 K) (32); FeTPPF,~4 cm* require contributions from several types of relaxation pro
(~5.7 K) (15); FeTPPCI, 6.0 to 8.0 cm (8.6—-11.4 K) 83— cesses.
37); FeTPPBr, 12.5 cmt (17.9 K) (38); Mb—F and Hb-F, 5.9

to 6.5 cm* (8.4 to 9.3 K) @, 39—432; Mb—H,0 and Hb—HO, RESULTS
~8to 11 cm* (11.4 to 15.7 K) 2, 3, 19; and Cr(ox} ", 0.68
to 0.78 cm™* (0.97 to 1.1 K) 43—45. The slopes of plots of log(Th4) vs log(T) for Cr(ox); and

For each sample, the temperature dependenceTafwas FeEnt are approximately 2 (Fig. 1). ThusT1Aaries approx
fitted with the smallest number of contributing processes coimately asT>. A similar temperature dependence of logi 1/
sistent with the experimental data. The resulting best-fit paas observed for Fe(o¥), FeTfoxalate, and FeTfCQwhich
rameters are given in Table 1. In the least-square procddluralso haveD less than about 1 K. This is the temperature
was held within=20% of median literature values. Changinglependence expected in the high temperature limit for tt
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Temperature (K) substantially different from that observed for the non-hem

s 8 11{0 2 : 4 6 iron samples. Above 20 to 30 K the slopes of the plots ©

log(1/T,) vs log(T) for FeTTPX are about 1, as expected for

the high-temperature limit of the Orbach process. The uppi

temperature for the measurements on these samples (118
was limited by the softening temperature 20 K) of the
toluene glass49). It is assumed thaD for FeTTRX, X = F,

Cl, Br, is approximately the same as for the analogous TF

6.0

- complex and thus is in the range of 4 to 12.5 ¢ifl5, 33-38.

) Over the temperature interval for which data were available
= the temperature dependence off 1for FeTTPX could be
% fitted using only the Orbach process with excited statedat 2
= 5.0 and @ (Table 1).

For Hb—F up to about 100 K, and for Hb—aquo, the tempel
ature dependence of T/ (Fig. 3)is similar to that observed for
the iron(lll) porphyrins (Fig. 2). Data for Hb—F and Hb—aquo
extend to higher temperatures than for the iron porphyrir
because the glass softening temperature is higher for 1:1 wat
glycerol than for toluene. The simulated curves for Hb—F an

| | A7 ! \ /

0.8 1:2 1.6 Hb-aquo (Fig. 3) are dominated by the Orbach process wi

log(temperature . .
ol ) excited states at2 and @ (Table 1). For Hb—F, an additional
FIG. 1. Temperature dependence Xfband spin—lattice relaxation rates process, which was modeled as a local mode, makes a s|
for 1.0 mM Cr(ox}~ in 1:1 water:glycerol ) measured at the ,gturning stantial contribution above about 100 K

point and for 0.2 mM FeEnt in 1:1 water:glycercb) (22). The solid lines . 4 includ | £/ in th dicul |
through the data are the fits obtained using Eqg. [1] and the parameters in Talbl(!:Igure incluaes values o In the perpendicular plane

1. The individual contributions are: (— ) Orbach process involving excitddd ~ 6) for Mb—F,R-Mb—F, Mb—formate, an&-Mb—formate in

states at P and @, (- - -) Raman process, and {- —) local mode. 1:1 water:glycerol and for Mb—F and Mb—formate in sucros
Raman process. The onset of limiting behavior occurs at a Temperature (K)
smaller fraction off, in glasses than in crystalline solids 4 6 8 10 2 4 6 8 100

T ‘ T T T

because of the greater role of low frequency vibrations in  10.0
glasses46, 47 than in crystals; however, it is still not plau-

sible that the Debye temperature is low enough to be in the

high temperature limit at 10 K. The temperature dependence of gg
the relaxation rates for these five samples could not be fit with

the Raman process alone and required a contribution from
another process that makes a significant contribution at lowe™
temperatures. That process could be modeled either as théf_
direct process or as an Orbach process. Since the zero-fieltt
splitting provides low-lying excited states, an Orbach process®
was selected to give the fits shown in Fig. 1 and the parameters”
shown in Table 1. Since all of the relaxation rate data for these
complexes were obtained at temperatures much largehan

the data are in the high-temperature limit for the Orbach 6.0
process, and it is not possible to distinguish between the
contributions from the excited states & 2nd @. Therefore,

the coefficients for these two contributions were assumedto be 59 | ! | L | I |
equal. Comparable agreement between experimen_tal and cal- 0.8 Rdg(temperatu:ég 20
culated temperature dependence df 1¢ould be obtained by

using the direct process instead of the Orbach process as tH#G. 2. Temperature dependence Xfband spin-lattice relaxation rates
low-temperature contribution. For Cr(dx)a small additional for thems = =5 transitions for 1.0 mM FeTTPF{) and for FeTTPBr ¢) in

tributi t hiaher t t deled | tolyene (5). The solid lines through the data are the fits obtained using Eq. [1
contribution at higher temperatures was moaeied as a loggh e parameters in Table 1. The individual contributions to the relaxatic

mode. _ ~ for FeTTPF are: (- -) Orbach process involving excited stat®ead (- - -)
The temperature dependence of 1for FeTTPX (Fig. 2)is  Orbach process involving excited state &.6




SPIN-LATTICE RELAXATION RATES FOR HIGH-SPIN Fe(lll) 119

Temperature (K) iron(Il1) samples withD less than about 1 cm (Fig. 1) than
4 e 810 2 4 s 8100 2 for the heme iron(lll) samples with substantially greater than
10.0 1 cm* (Figs. 2—4). For Cr(0o%) (Fig. 1) the temperature

dependence of the relaxation was fitted with an Orbach proce
that dominated below about 20 K, the Raman process th
0.0 — g dominated between about 30 and 60 K, and increasing cont
’ butions from a local mode above about 60 K. The relaxatio
rates for Ct" in a crystal of MgO are about three orders of
magnitude slower than for Cr(ok) and the temperature de
pendence of I/, was fitted to a sum of the direct process, the
Raman process, and a local vibrational mode with an energy
537 K (50), although a contribution from an Orbach proces:
does not appear to have been considered. Fori@MgO the
Raman process dominated between about 30 and 40 K. Th
except for the assignment of the lowest temperature process

8.0 —

log(1/Tys71)
T

70—

;
/ local

6.0 — " orvach (60) direct rather than Orbach, the relaxation processes for i@r
/ ' MgO are similar to those for Cr(o%). The slower relaxation
' / ) rates for Ci* in MgO than for Cr(oxj~ probably are the result
5.0 L ! | ! | 1 of the much smaller zero-field splitting in the high-symmetry
1.0 1.5 2.0 25 io g i ,
log(temperature) C?blc site of MgO than in the lower symmetry oxalate com
plex.

FIG. 3. Tem;l)eratur_e_ dependence Xfband spin-lattice relaxat?on rates  For the nonheme Fe(lll) samples with small zero-field split
for the m, = *3 transitions for Hb—F {) and for Hb-HO (©) in 1:1  inqs the Raman process dominates the relaxation above ab

water:glycerol 16). The solid lines through the data are the fits obtained usi . _
Eqg. [1] and the parameters in Table 1. The individual contributions to t?\%S K. The Debye temperatures obtained for Crgoxamd

relaxation are: (——) Orbach process involving excited stateDat (2 - —) Fe(ox) are 85 and 65 K, which are smaller than observed i
Orbach process involving excited state &,6and (- - - —)local mode. The
data points at 298 K are valuesDf, obtained by analysis of NMR spin-lattice

relaxation rates for water protons in solutions of Hb—F or Hb—a@uel ). Temperature (K)

10 100
10.0 " : SELA 7

glass. Within experimental uncertainty, relaxation rates for the

Fe(lll) in the spin-labeled sperm whale variants were the same as
in the wild-type horse heart myoglobin at the same temperature so
data were combined. Between about 100 and 160 K iron relax- L
ation rates for horse heart Mb—F and Mb—formate were obtained_
in both 1:1 water:glycerol and in the sucrose glass and compan'FuJ 8.0 —
sons indicate that there is not a significant difference between the-
values of 1T, obtained in the two hosts. The shapes of the curves
in Fig. 4 indicate that the relaxation rates between about 5 and 108
K are dominated by the Orbach process. The linewidth of the CW )
EPR signal for Mb—formate in room temperature solution is L , i
slightly narrower than the signal for Mb—aqut9). We therefore / local
assumed that the ZFS for Mb—formate is somewhat smaller than 6.0 — /A , —

70—

for Mb—aquo D ~ 9.5 cm™) andD = 8 cm ' (2D = 23 K) was /' Orbach (6D) :

used in the simulations of the spin—lattice relaxation data for T+ : | / | 7
Mb—formate. The shapes of the plots in Fig. 4 indicate that an 0 15 20 25
additional process makes a substantial contribution to the relax- log(temperature)

ation above about 100 K for Mb-formate and above about 200 }SZIG. 4. Temperature dependence ¥fband spin—lattice relaxation rates
for Mb—F, and these processes were modeled as local mOde%r the m; = =3 transitions for Mb—F an®®R—-Mb-F (+) and for Mb—formate

andR-Mb—formate ¢) in 1:1 water:glycerol and in a sucrose glass. The solic
DISCUSSION lines through the data are the fits obtained using Eq. [1] and the parameters
Table 1. The individual contributions to the relaxation for Mb—F &db-F
. . are: (—-) Orbach process involving excited state @t &d (—-—) Orbach
The temperature dependence of the spin—lattice relaxatigbcess involving excited state ab6 The contribution to the relaxation of
rates, 1T, is substantially different for Cr(o%) and nonheme Mb—formate andR—Mb—formate from a local mode-¢ - -) also is shown.
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1:1 water:glycerol for small organic radicals and transition 100000 —
metal complexes witlS = 3 (0, = 112 to 120 K) @7). +
Similarly, the Debye temperatures obtained for FeTfoxalate, i
FeTfCO,, and FeEnt (52 K) are smaller than observed for  ggggg -
low-spin hemesf, = 78 to 80 K) 7). The small temperature
interval over which data were obtained for the nonheme Fe(Ig
samples and the overlap with the Orbach process may ca@ée
significant uncertainty in the values of the Debye temperaturgi’f
Data were not obtained at high enough temperatures to evalg- .
ate the possible contributions of local modes to the relaxatiof
rates for the nonheme iron.
For the iron porphyrins and heme proteins (Figs. 2—4) the 4 +
relaxation rates between 5 and about 100 K were dominated by °
the Orbach process. If the coefficients for the Raman process 20000 +
for the iron porphyrins and heme proteins were similar to those ]
observed for the nonheme proteins, the contribution of the oo ®
Raman process to the relaxation rates for the porphyrin and 0 & . T T I T I T |
heme samples would be negligible compared to the Orbach 0.0 10.0 20.0 30.0 40.0
process. At higher temperatures an additional process was 2D (kelvin)
observed for Hb—F, Mb—formate, and Mb—F that was rnOdeIeq:IG. 5. Dependence of the combined coefficients of the Orbach proce:
as a local mode. The characteristic energies for these logal, + A..,) obtained by fitting the temperature dependence & 1én the
modes are very uncertain because the contributions from thesre-field splitting, D, for the series of Fe(lll) compounds: nonheme iron with
processes were relatively small in the temperature range o%@pll zero-field splittings<), iron porphyrins ), and heme proteind®).
which experimental data were obtained, and the highest tem-
perature at which data were obtained is well beltoyy.

60000 —

40000 —

rb +

ecules or protein side chains, which substantially restricts tt
o o motional freedom of the ligands compared with that in the
Coefficients of the Orbach Contribution small molecules, which may account for the smaller coeffi
The coefficients of the Orbach contributions are summariz&fNSAon @ndAor,. Similarly, in studies ofs = 1 complexes
in Table 1. The values o, the coefficient for the process't was observed that _the coefficients of the Rama'n process we
involving the excited state al®, obtained from fitting data for |arger for more flexible molecules than for rigid molecules
Mb—F and Hb—F between 5 and 298 or 150 K are within &7+ 93- We propose that molecular flexibility is a significant
factor of 3 of those obtained previously for Mb—F between Bctor in the coefficients for both the Raman and Orbac
and 4 K @) and the value for Hb—0 is within a factor of 2 Processes.
of that reporte_d_for Mb—lg(_) (2)_(Tab|e 1)_. The agreementRelaxation Rates at Room Temperature
between coefficients obtained in such different temperature
intervals supports the assertion that the Orbach relaxationlhe relaxation rates for high-spin Fe(lll) in fluid solution at
process dominates over a wide temperature interval for treom temperature have been calculated from the effects of t
heme proteins. There is not a clear pattern in the relative valuapidly relaxing iron on the relaxation rate for water proton:
of the coefficients for the Orbach contributions from the exneasured by NMR. The calculated values are model depend
cited states at and @. So, to qualitatively examine trendsso there is a substantial spread in the resulting values. Witk
in the effectiveness of the Orbach process in inducing spithe uncertainty of those values there does not appear to be
lattice relaxation, the sum of,, + Aoy, IS plotted as a difference between hemoglobin and myoglobin so we grou
function of 2D in Fig. 5. Within the set of iron porphyrins, the values by axial ligand rather than by protein. For Hb—F ar
FeTPKX, the sum of the coefficients increases 8sicreases, Mb—F the calculated values of the electron spin relaxation tim
as expected if modulation of the zero-field splitting dominate®nstant,T,, at room temperature range from 3510 ™ to
the relaxation. Similarly, within the series of heme protein® X 10*° s with a median value of about2 10 °s 9-13
there is a general trend toward larger coefficients Bsir?- and for Hb—HO and Mb—HO the values range from 4.4
creases. However, for comparable valuesDftle coefficients 10 to 2.8 X 10 *° with a median value of about 8 10
for the heme proteins are much smaller than for the iran(10-12, 14. The median values are included in Fig. 3, whick
porphyrins (Table 1, Fig. 5). Modulation of the zero-fieldhows that extrapolation of the data for Hb—F and Hb—aquo
splitting by motion of the axial ligands is likely to be aglassy 1:1 water:glycerol gives values in reasonable agreem
significant contribution to the relaxation. In the heme proteingjith the fluid solution data, particularly when the uncertainty
the axial ligands are hydrogen bondéd (52 to water mol- in the fluid solution values is taken into account. Extrapolatio
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of the fitted curve for Mb—formate in glassy 1:1 water:glycerattributed to modulation of spin—orbit coupling. For metmyo:.
and in glassy sucrose giv@s = 1.6 X 107 '°s at 298 K. The globin the spin—lattice relaxation rates are faster for high-spi
somewhat longer extrapolated value for Mb—formate than c#fan for low-spin Fe(lll) below 40-50 K, but rates are faste
culated from NMR relaxivity for Mb—HO and Hb—HO in for low-spin than for high-spin at higher temperatures.
solution is in the direction expectedlif is somewhat smaller
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