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CO carbon monoxide
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D-D dipole-dipole

DSS sodium 2,2-dimethyl-2-silia-
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FID free induction decay

FT Fourier transform

HbA human hemoglobin

Hb-1I Glycera dibranchiata dimeric
hemoglobin

Hb-II Glycera dibranchiata monomeric
hemoglobin

HbR New Zealand white rabbit
hemoglobin

ir infrared

LADH liver alcohol dehydrogenase

Mb myoglobin

NAD+ nicotinamide adenine dinucleo-
tide

NADH reduced nicotinamide adenine
dinucleotide

nmr nuclear magnetic resonance

NOE nuclear Overhauser effect

4 protoheme IX dimethyl ester

1-MeIm l-methylimidazole
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YADH

—V—

effective proton-carbon
distance

spin-lattice relaxation time
spin-spin relaxation time
tetramethyl silane

protoheme mono(3-(l-imidazoyl)-
propyl)amide monomethyl ester

yeast alcohol dehydrogenase
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ABSTRACTS

PART I

Carbon-13 nuclear magnetic resonance (nmr) spectros-
copy has been used to investigate the chemical shifts
and spin-lattice relaxation times (Tl) of 13CO bound to

two derivatives of protoheme IX. The chemical shift is

13

a function of the nature of the ligand trans to the CcO

and of the solvent. Tl'measurements of the complex 1-
methylimidazole-protoheme IX dimethyl ester—lBCO reveal

that Chemical Shift Anisotropy (CSA) is the dominant

13

relaxation mechanism for the heme bound CO. The

13

aniostropy of the chemical shift tensor, Ao, for the cO

was found to be 584 + 132 ppm. The chemical shifts are

1300 bound to the

compared with those obtained for
monomeric hemoglobin from the marine annelid Glycera

dibranchiata.

Part II
Carbon-13 nuclear magnetic resonance (nmr) spectros-
copy has been used to reinvestigate the spin-lattice relaxa-

13CO bound to human hemoglobin (HbA)

tion times (Tl) of
and sperm whale myoglobin. It has been found that the
Chemical Shift Anisotropy (CSA) and Dipole-Dipole (D-D)
relaxation mechanisms contribute to the observed T1 for

13

the protein-bound CO. This observation can explain the

lack of an observable nuclear Overhauser effect (NOE) for
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13CO bound to HbA. A reanalysis of the previously deter-
mined relaxation times indicates that Ao = 194 + 37 ppm
and r_,, = 1.81 + 0.02 & for 3c0 bound to HbA. The
significance of these results in relation to the postu-

lated nucleophilic base interaction between the distal

residue His-E7 and the protein bound CO is also discussed.

PART III

The spin-lattice relaxation (Tl) times for 1300 bound
to New Zealandlwhite rabbit hemoglobin (HbR) and the
monomeric hemoglobin from the marine annelid Glycera

dibranchiata (Hb-II) have been investigated. It has been

found that the anisotropies of the chemical shift tensor,
Ao, in each protein are vastly different. These results

support the existence of a nucleophilic interaction

13c0 in HbR. In addi-

13

between His-E7 and the heme-bound
tion, the geometry and rate of internal motion for CO

bound to HbR have also been obtained.

PART IV

The pH dependence of the carbon-13 nuclear magnetic
resonance (nmr) chemical shift for the C-2 carbon of
selectively carbon-13 enriched histidine biosynthetically
incorporated into the catalytic triad of the serine protease,
a-lytic protease, has been reinvestigated at three magnetic

fields. The spectra acquired at all fields yield a value
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1

for J13 at pH v 5 which is consistent with full pro-

C-H
tonation of the active site imidazole ring of His57 at

this pH. Hence, the catalytically important ionization

57

of pKa v 6.7 can be assigned to His At 125.76 MHz

and pH < 5, the carbon-13 spectrum of the enriched enzyme
reveals two other structural forms of the histidine side
chain within the protein which are not observed at lower
fields. The presence of these species can explain pre-

vious carbon-13 nmr results which yielded an abnormally

low pKa value for the catalytic histidine.

PART V
A general method is presented for obtaining the
exchange rates for chemical systems undergoing slow ex-

change on the nuclear magnetic resonance (nmr) timescale.

As an example of the generality of the method, 31P nmr
spectroscopy has been used to measure the rate of exchange
*

for the system (PPh)BNO + PPh3 e PPh3

PPhS. The exchange rates obtained with this method are

* 4
(PPh3)2N1 +

compared to those measured using lineshape analysis.
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PART VI

The binding of (R,S) ds—ethanol (CDSCHDOD) to horse
liver alcohol dehydrogenase (LADH) has been studied
using 500.13 MH=z 1H nuclear magnetic resonance (nmr)
spectroscopy. In the presence of reduced nicotinamide
adenine dinucleotide (NADH) the C-1 proton resonance moves
such that the extrapolated chemical shift for the C-1
proton of the ethanol bound to the enzyme-coenzyme com-
plex is shifted 0.82 + 0.08 ppm upfield from the free
ethanol resonance. The chemical shifts for the (R) and

(S) hydrogens of the bound ethanol do not differ by more

than 0.16 ppm.

PART VII

The structure of a formaldehyde-crosslinked dimer
of verapamil, a Ca+2 channel blocker, has been determined
using 500.3 MHz 1H nuclear magnetic resonance (nmr) spectra.
The structure has been found to be asymmetric and, as

with monomeric verapamil, possess a rigid conformation.
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INTRODUCTION

Nuclear magnetic resonance (nmr) spectroscopy has
proven to be a valuable, non-destructive tool for studying
chemical systems. The variety of parameters that may be
obtained from the nmr spectrum, such as the chemical shift,
spin-lattice (Tl) and spin-spin (T2) relaxation times,
and exchange rates,l have yielded information about numerous
chemical species in solution. This thesis examines four
different systems with a variety of nmr techniques.

Parts I through III look at the relaxation behavior of
carbon-13 carbon monoxide (éO) when bound to protoheme
systems, primarily hemoglobins. Previous T1 and nuclear

Overhauser effect (NOE) studies2 of 13

CO bound to human
hemoglobin gave inconsistent results about the nature of
the protein interactions with the heme-bound ligand. These
inconsistencies are shown to be due to an incomplete under-

1300. Using

standing of the Tl relaxation behavior of
this knowledge, new information has been obtained about
the protein-ligand interaction.

Part IV is a reexamination of the carbon-13 nmr
spectrum of histidine enriched with carbon-13 and bio-
synthetically incorporated into the catalytic triad of the
serine protease, a-lytic protease. Earlier workers3 found

that this histidine possessed an abnormally low pKa value;

this was interpreted as supporting a 'charge-relay' mechanism



as the mode of catalysis for serine proteases. The present
investigation reveals that this previous interpretation was
incorrect, primarily because of the magnetic field used.

The results presented in Part IV show how advanced nmr
technology helps in the understanding of complex biochemical
problems.

A new method for measuring the exchange rate of a
two site chemical system undergoing slow exchange is de-
scribed in Part V. The advantages of this method are that
it may be applied to any nmr-active nucleus, and that the
relative populations of each site do not have to.be the
Same.

Part VI discusses an attempt to observe the chirality
of the active site of liver alcohol dehydrogenase using
the racemic modification of the ethanol substrate, CDBCHDOD.
An estimate of the chemical shift difference due to environ-
mental factors for each proton when the substrate is bound
to the protein has been made using 500.13 MHz proton nmr
data.

Lastly, Part VII demonstrates the use of a very high
field nmr spectrometer to elucidate the structure of a dimer
synthesized by crosslinking the drug verapamil using formalde-
hyde. It is shown that, at 500.13 MHz, 1H resonance assign-
ments and the interpretation of spectra for lérge molecules
become relatively straightforward when compared with lower

field nmr data.
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PART I

Nuclear Magnetic Resonance Investigation of
1300 Binding to Heme Systems: Carbon-13
Chemical Shifts and Spin-Lattice

Relaxation Times.



INTRODUCTION

Heme prosthetic groups are found in the active sites
of a variety of proteins including oxygen transport proteins
(hemoglobin), oxygen storage proteins (myoglobin), and redox
proteins, such as the cytochromes. Many of these proteins
are able to bind carbon monoxide which has beenused as a probe
to study the heme environment via carbon-13 nuclear magnetic
resonance (nmr) and infrared (ir) spectroscopies.l—ll
The interpretation of'ir spectra of carbonmonoxy

4,6,8-10

hemoglobins has been aided by data obtained on

various carbonyl heme models which have demonstrated how

cis2,11 1,2

and trans effects can perturb the vibrational
modes of the CO ligand. These results have greatly helped
in the understanding of ligand-protein interactions in the
heme pocket.

The molecular effects which influence the carbon-13

chemical shifts of 13

CO bound to heme proteins are much
less understood, however, although the chemical shifts in
carbonmonoxy myoglobins and hemoglobins reconstituted
with modified hemes have been shown to be sensitive to

14a In order to

changes around the periphery of the heme.
help in the interpretation of the carbon-13 nmr spectro-
scopic parameters of 1300 bound to heme proteins, two

compounds, protoheme IX dimethyl ester (1) and protoheme

mono(3-(l-imidazoyl )propyl)amide monomethyl ester (2), were

studied using carbon-13 nmr.



The chemical shift experiments are directed towards
understanding to what degree the protein influences the
environment of the heme bound 1300 in a spectroscopically

3,6,11,15,16

detectable manner. Several views have been

presented with regard to the functional specificity of
the heme ligand-protein interactions, and in this chapter

3,6,15,16 .

additional evidence is shown in support of some
these arguments.
Another important nmr parameter which is examined

1300 coordinated

is the spin-lattice relaxation time (Tl) of
to the heme. Understanding the contributions of the various T1
relaxation mechanisms can yield valuable information on the
nature of the ligand's environment in the protein. Accordingly,
a Tl study of 13CO bound to l-methylimidazole-protoheme IX
dimethyl ester (1-Melm-1) has been carried out at three mag-

netic field strengths (2.35, 4.22, and 8.44 Tesla).



EXPERIMENTAL

Chemicals: Protoheme IX mono-(3-(l-imidazoyl)propyl)-
amide monomethyl ester was provided by Professor Taylor's
group.17 Protoheme IX dimethyl ester was prepared by the
method of Fuhrop and Smith.18 All buffers and solvents

were reagent grade.

Sample Preparation: A heme sample was weighed and

degassed in a 10 cc syringe with nitrogen. Approximately

5 ml of a 4:1 mixture of nitrogen-degassed DMSO:d6—DMSO

was then added to the syringe. After the heme was dissolved,
the solution was injected into a 10 or 12 mm nmr tube equipped
with a 2 mm access port which had been degassed with nitro-
gen and sealed with a rubber sleeve. Approximately 3 ml of
90%-enriched 1300 was then injected into the tube, after-
which the iron was reduced by injection of 15 ul of a

0.4 M phosphate buffer solution (pH = 7) which was saturated
with sodium dithionite. For the protoheme IX dimethyl ester
samples, aliquots of l-methylimidazole (1-MeIm) were in-
jected into the nmr tubes using a 10 pf syringe. For the study
of the solvent dependence the volume of the sample was 3 ml.

An internal capillary was used for the deuterium lock.



Instrumental: Carbon-13 nmr spectra were obtained with

three different spectrometers. Low field measurements were
made on a Varian XL-100-15 spectrometer operating at

25.14 MHz in the pulse Fourier transform (FT) mode. Spectra
at 45.28 MHz were obtained with a Bruker WH-180 spectrome-
ter. High field FT spectra were acquired with the

Stanford Magnetic Resonance Laboratory's HSX-360 spectrome-
ter which has a carbon-13 resonant frequency of 90.5 MHz.
For each spectrum the line broadening used was equal to

the digital resolution of the transformed spectrum.

Sample tubes (10 mm) were used on both the WH-180 and the
HXS-360, while 12 mm tubes were used on the XL-100-15.

El Measurements: Spin-lattice (Tl) relaxation mea-

surements were made using the techniques of inversion
I'ecovery-l'9 and progressive saturation?o In all cases
the limitation for the use of progressive saturation that
T2* << T1 was satisfied as determined by line-width mea-
surements. The delay times (1) were varied randomly so
as to eliminate systematic errors. T1 values were cal-
culated using a non-linear least squares program21 to £it
the equation AT = A+ (AO - Am)exp(-T/Tl).

Viscosities and Densities: Viscosities of solutions

were determined by the method described by Shoemaker

2

et a.l.2 Densities were measured with a 1 ml Weld type

pycnometer.



THEORY

Rotational Brownian motion in a magnetic field of a
molecule containing as nmr active nucleus (I > 1/2) will
cause fluctuations in the local magnetic field of that
nucleus if it possesses an anisotropic chemical shift tensor
(oXX = Oyy # oZZ). These local fluctuations provide a

mechanism (Chemical Shift Anisotropy, CSA) for spin-lattice

(Tl) and spin-spin (T2) relaxation. If one assumes axial
symmetry, i.e., Oux = cyy,.the CSA relaxation rates can
be described by eqs. 1 andz.z3 Both of these equations assumes
T
1L .2 x o?0) x x (1)
T1 15 1 + 21 2
CSA @ Tr
1 -2 x w2(r0)2 x 3 + 4yt (2)
T2 45 1 + sz r
CSA r
where
w = Larmor frequency
Ao = |o,- o, |
O T 9z
O, = Oy~ oyy
T = rotational correlation time in solution

isotropic rotation in solution. Figure 1 shows log-log plots for
Tl and T2 relaxation via CSA at two different frequencies
with Ac = 480 ppm. For the case of an ellipsoid (principle

axes a # b # ¢) undergoing anisotropic reorientation in
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Figure 1

Calculated log-log plots of (A) spin-lattice

and (B) spin-spin relaxation for
and 90.5 MHz using eqs. 1 and 2,

Dipole-dipole relaxation times,
13

comparison.

1300 at

with Ao

assuming

w

a

= 25.14

480 ppm.

o}
C—lH distance of 2.0 A, have been included for
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solution, eq. 1 becomes:24"?’5
1 - _A C (3)
. T * o 7
CSA A B C
where
T
T1 15 1 + 2 2
A,B,C @ T A.B,C
A =% x (3 cos®e - 1)? (5)
B = 3 sinZ0 cos20 (6)
c = 2- sin%o (7)
Tp =T (8)
- -1
Tg = 6 ?lTH(?L+ 51,,) (9)
- -1
To = 3 iLTn(th+ T”) (10)
and where T, and T,, are the rotational correlation times
perpendicular and parallel to the symmetry axis, respec-

tively.

axially symmetric ellipsoid (a # b = c),

for

13

CO bound to the iron and eq. 3 reduces to eq.

© equals zero

1.

If the approximation is made that the heme is an
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RESULTS AND DISCUSSION

Chemical Shifts

The carbon-13 nmr spectra of the 33

CO-heme com-
plexes show a single peak in the region near 200 ppm
downfield from TMS. Equilibration of 1 with 13CO in
DMSO:dG—DMSO (4:1) leads to a single peak 207.7 ppm down-
field from TMS (Figure 2a). Addition of aliquots of 1-
MeIm causes a second peak to appear at 205.8 ppm

(Figures 2b-2c); addition of more 1-MeIm causes the
relative intensity of the upfield peak to increase until,
at a 1-MeIm:heme ratio of 2:1, only the resonance at
205.8 ppm is observed (Figure 2d). The peak at 207.7 ppm

13

has thus been assigned to the complex DMSO-1-""CO in

which DMSO is bound to the heme trans to the 13

28,29

CO.
(Previous observations have shown that DMSO coordinates
to hemes through the oxygen.) Displacement of the axial
DMSO by 1-MeIm yields the complex l—MeIm—l—lSCO which is
responsible for the resonance at 205.8 ppm. In support
of this assignment, an analogous complex, 2, in which the
imidazole ring is covalently attached to the heme and is known
to be the axial ligand trans to 1300, has a similar chemi-
cal shift at 205.8 ppm (Figure 2e).

Figure 3 shows the result of adding 1-MeIm to 1-MeIm-1-
1300 in DMSO. The 1.1 ppm change in the chemical

shift is similar to the decrease of the C-O stretching fre-

: 29
quency observed in going from a DMSO to 1-MelIm solution.
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Figure 2

1300 chemical shifts of protoheme IX dimethyl ester-

13CO and protoheme mono(3-(l-imidazoyl)propyl)amide

monomethyl ester—13

13

CO in DMSO:d6—DMSO (4:1): (a)
0.015 M 1-77CO; (b) Sample (a) plus 2.3 puf l-methyl-
imidazole; (c) Sample (a) plus 4.6 uf l-methylimidazole;
(d) Sample (a) plus 13.1 uf of l-methylimidazole;

(e) 0.014 M 2-1300. All spectra were taken at room

temperature.



20?.0

—

(a)

(b)

(e

(d)

(e)

20{.0 20?.0

ZOF.O

ppm (from TMS)
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Figure 3

13

Solvent dependence of the C=0 chemical shift of

0.01 M ferrous protoporphyrin IX dimethyl ester-
13050. The chemical shifts were measured relative
to internal TMS. The line drawn through the points

is the least squares fit of the data. All spectra

were collected at room temperature.
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The resonances for these model systems are

shifted upfield relative to those for heme coordinated

1300 in mammalian hemoglobins and myoglobins. The

data in Table I show that the 13C nmr spectrum of the

1—MeIm—l—13CO complex in DMSO more closely resembles the
spectrum obtained from the monomeric hemoglobin (HbII) of

the marine annelid Glycera dibranchiata,z8 whereas in
13

1-MeIm the CO chemical shift is similar to that of HbA.

Satterlee et alp have previously suggested that this
downfield shift is caused by a nucleophilic interaction

between the heme bound ligand and the imidazole nitrogen

of histidine E-7. Thus, in 1SCO—HbII, which lacks His E-7

13

(His E-7 - Leu), the CO resonance appears at 206.2 ppm,

i3

which is very close to the CO resonances found for the

model systems. In support of this argument is the fact

that the 13CO resonance of 1-—MeIm—1—13

CO in 1-MeIm shifts
downfield towards the chemical shifts observed for hemo-

globins with a histidine at position E-7.

Relaxation
The overall rate of spin-lattice relaxation can

be described by eq. 11.

1 4 + =L+ (11)

where
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D-D = nuclear dipole-dipole relaxation
SC = scalar relaxation

CSA = chemical shift anisotropy

P = paramagnetic relaxation

Q = quadrapolar relaxation

SR = spin-rotation relaxation

If the relaxation measurements are made at two different
field strengths, the difference between the two rates is given

by eq. 12. For this system the dipole-dipole, scalar, para-

S PP SR T S | 1 1 1

T
lror D-D 1sc lcsa 1p 1q Isr
(12)
magnetic, and quadrapolar contributions to the total rate

should be small compared to the CSA and spin-rotational

relaxation rates. For a molecule of the size of 1, 1/T

1
SR
should be negligible at all field strengths used in
this study,33 hence Al/T1 should be much less than
SR
Al/T1 Thus, eq. 12 reduces to
CSA
At = At (13)
Tl T1
TOT CSA

Combining eqs. 1 and 13 and solving for Ac yields:



20

Table 1

1300 Chemical Shifts of Various Heme Complexes

Complex Chemical Shift (ppm)® Ref.
pmMso-1-13co 207.7 this work
1-MeIm-1-13cO (DMSO solvent) 205.8 this work
1-MeIm-1-'3CO (1-MeIm solvent) 206.9 this work
2-13co 205.8 this work

Human Hemoglobin

a—-chains 207.5 14b, 28

B-chains 207.1 14b, 28
Sperm Whale Myoglobin 208.7 14b, 28
G. dibranchiata 206.2 28

a) shifts are downfield from TMS, error limits are + 0.1 ppm.
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A 1/T 1/
- tot
bl = 515 —=35 35753 (14)
_g{wAﬂl+wATr)_ wBK1+wBTr)}}
where wp > wp. From eq. 14 one can determine |Ac| directly
from relaxation measurements obtained at two different
frequencies. It should be noted that if there is any con-
tribution to l/T1 from the other mechanisms,
tot
o S Y- (15)
oy Ly
TOT CSA

Thus, the value for |A0| obtained with eq. 14 will be a lower

bound.

Figure 4 shows a set of typical progressive satura-
tion T1 stack plots obtained at 25.14 and 90.5 MHz. Table
IT summarizes the relaxation data collected at three
frequencies. Table III contains the chemical shift informa-
tion for solid 13CO and three carbonyl complexes.

A significant decrease is observed in o, (from -123

13

ppm for solid CO to -207 ppm for 1—MeIm—l—1SCO) which

reflects the change in the electronic environment of the

carbon nuclide.31 The increase in o, for 1—MeIm—l—13

I CcoO

is probably caused by a ring current shift due to the mnetwork

35

of the heme. Such an effect of the heme ring current

can also explain the significant difference between Ao

13

for 1-MeIm-1-7CO and Fe(*3co),.
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Figure 4

1300 progressive saturation T1 measurements of

0.015 M l-methylimidazole-protoheme IX dimethyl
ester—lBCO taken at 29.0 + 1.5°C: (a) 25.14 MHz;
(b) 90.5 MHz. Note the increase in linewidth

in going from (a) to (b).
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n 10.0

1 (sec)
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Table II

Spin-Lattice Relaxation Times of 13CO Bdund to 0.015 M

1-Methylimidazole-Protoheme IX Dimethyl Ester in DMSO:d6—DMSO (4:1)
o a 10 b C
T(+1.5°C) v(MHz) T, (sec) T,(x10" "sec) |Ao| (ppm)

25.14 2.3 +0.2

21.0 45.28 0.63 + 0.23 4.1 + 0.8 574 + 122
90.5 0.19 + 0.02
25.14 2.6 + 0.2

29.0
90.5 0.20 + 0.02 3.2 + 0.6 614 + 63

a) Errors are standard deviation obtained from a non-linear curve fit; b)
calculated using a solvent radius of 2.1+0.18 and a heme radius of 7.2+0.2£r
as estimated from the crystal structure of a-chlorohemin. The error limits
reflect the uncertainty in the viscosity measurements and radius estimates;

c) Obtained with eq. 14.
analysis.

Error limits obtained using a propagation of errors

144



Table III

13CO Chemical Shifts and Shielding Tensors®

b b (& d

Compound o, o, Opv (+10) Ao
Beo 283 123 +12 406 + 30
Ni(1300)4 294 -146 +1 440 + 44
Fe(3c0) 253 ~155 -19 408 + 41
1-MeIm-1-13c0 377 207 12 584 + 132

Ref.

33
34
34

this work

a) units are in ppm; b) calculated given the two equations Ao =

Opy = (o“+2%)/3; c) equation for o,y given in

loy-0,| and
Chemical shifts are based

b}
on an absolute scale, with oay = 12 + 10 for 1§CO.31 Positive 0,y denotes up-

field shift; d) sign of Ac is positive.34

14
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Understanding the influence ligands trans to 13CO
have on the carbon chemical shift and of the mechanism
of spin-lattice relaxation in the protoheme derivatives
studied provides a basis for the interpretation of these
nmr parameters in carbonmonoxy hemoglobins and myoglobins.
Extension of this work to the heme-containing proteins,

13

specifically the spin-lattice relaxation of CO bound to

hemoglobin and myoglobin, will be presented in Part II.
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PART II

Nuclear Magnetic Resonance Investigation

to 13CO Binding to Heme Proteins:

Relaxation Mechanisms.
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INTRODUCTION

Examination of the interaction between 13C—enrichedcarbon
monoxide and the heme environment of myoglobins and hemoglobins

has been investigated in recent years through the use of

carbon-13 nuclear magnetic resonance (nmr) spectroscopy.l—5

The information obtained with these experiments has been
relatively limited, as the parameters measured (chemical

shift and spin-latfice relaxation times, Tl) has not been

4,5

fully understood. Recently, Satterlee et al have

1300 bound to

been able to explain the chemical shifts of
the monomeric hemoglobin of the marine annelid Glycera

dibranchiata and to rabbit (New Zealand white) hemoglobin

as a function of the distal residue E7 (histidine in
rabbit, leucine in Glycera) and its interaction (or lack
of one) with the bound ligand.

Moon,1 in an attempt to understand the nature of the
interaction between the heme bound 13CO and the distal
residues in human hemoglobin and sperm whale myoglobin,
carried out T1 and nuclear Overhauser effect (NOE) measure-

13

ments. His T1 results indicated that the CO was being

relaxed by a 130-1H dipolar mechanism, the hydrogen atoms

being associated with the heme pocket residues. However,
this interpretation was not supported by the NOE data
which, within experimental error,6 gave an NOE of 1.0

(n = 0).
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Nith Moon's contradictory results in mind,

the concepts discussed previously19 have been applied

to his data, namely, that Chemical Shift Anisotropy (CSA),
in addition to dipole-dipole (D-D) interactions, contributes
to the observed spin-lattice relaxation rates. With this
analysis, it is possible to explain all of his observa-
tions, including the lack of a measurable n. In order

to solidify this interpretration, Tl measurements of 13CO
bound to sperm whale myoglobin have been made at 2.35 and

13C0—

8.44 Tesla. The linewidth field dependence of
coordinated rabbit hemoglobin was also carried out. It
is believed that such nmr measurements have been used to

obtain information about the role of His-E7 in the binding

of carbon monoxide to hemoglobins and myoglobins.
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EXPERIMENTAL

Sample Preparation: Approximately 400 mg of sperm

whale myoglobin (Sigma) were dissolved in 15 ml of 0.1 M
Tris buffer, pH 7.1. After the removal of solid impurities
by centrifugation at 15,000 rpm for 30 min, the sample

was concentrated by pressure ultrafiltration (Amacon UM-10).
The concentrated myoglobin was purified by chromatography
on a Sephadex G-75 column, equilibrated with 0.1 M Tris
buffer, pH 8.0, and concentrated again. The sample was
then taken up in a 50 cc syringe, degassed with nitrogen,
and injected into another syringe (degassed) with approxi-

mately 10 mg of sodium dithionite. 5 ml of 13

CO were
added to the sample which was then concentrated to 6 ml,
diluted to 9 ml with DZO’ and concentrated to 6.8 ml. The
sample was again degassed with nitrogen, after which 3 ml

13

of CO were added to the sample. The resulting solution

was then injected into two degassed nmr tubes (10 and 12 mm

o.d.) like those previously described.19
Rabbit (New Zealand white) hemoglobin was prepared

from 50 cc of freshly drawn, citrated blood. The red

cells were separated from the plasma by centrifugation

at 2000 rpm for 30 min and washed three times with 0.15 M

NaCl. The cells were then lysed with distilled water at

4°C. The cell debris was removed by centrifugation
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at 15,000 rpm for one hour. The resulting hemoglobin was
purified with 0.15 M NaCl using continuous flow high pres-
sure ultrafiltration (Amacon UM-10) for 24 hrs at 4°c.

The sample was then concentrated to approximately 12 ml
and deoxygenated in a 30 cc syringe with nitrogen. 2 ml
of degassed DZO were added to the protein solution, after-
which the sample was injected into two nmr tubes (10 mm
and 12 mm), each containing approximately 3 mg of sodium

dithionite. Nine ml of I3

CO were then injected into each
of the degassed sample tubes.

The concentration of the carbonmonoxy myoglobin sample
was determined spectrophotometrically at 423 nm using an
extinction coefficient of ¢ = 187 mM. The rabbit carbon-
monoxy hemoglobin concentration was approximated using

e = 764 mM for its absorption at 419 nm.

Instrumental: The nmr spectrometers which were used

were described in Part I. 10 mm sample tubes were used
on all spectrometers except the XL-100-15, which requires
12 mm nmr tubes. For the high field measurements, the
digital line broadening used was greater than the digital
resolution of the spectrum in order to improve the signal-
to-noise ratio of the myoglobin spectra at 90.5 MHz, and
the rabbit hemoglobin spectrum at 45.28.

T, Measurements: Spin-lattice (Tl) relaxation measure-

1

: . : 7
ments were made using progressive saturation. In all




36

cases the limitation that Té¥<< T1 was satisfied. The

delay times (1) were varied randomly so as to eliminate
systematic errors. T1 values were calculated using a
non-linear least squares program8 to fit the equation

— + - -
AT A (A0 A_Jexp( T/Tl).

Viscosities and Densities: Viscosities of solutions

were determined by the method described by Shoemaker et

al.9 Densities were measured with a 1 ml Weld type pyc-

nometer.
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THEORY

As described previously,19 the overall rate of spin-

lattice relaxation is given by eq. 1:

i __1 ., 1 .1 ,_1

: (1)
T T T T T T T
ltor  "lp-p  lesa ls¢ s I lp

where the subscripts are defined in Part I. For most
macromolecular systems (including myoglobins and hemoglobins),

L the rotational correlation time in solution, is on the

order of 10-'8 sec. In this region, the dominant mechanism

for carbon-13 relaxation is, in most cases, the lH—]‘BC

dipole-dipole (D-D) interaction.lo For isotropic rotation

in solution (a valid assumption for most proteins),11 the

dipolar relaxation rate is given by eq. 2:12

1 2. 22
T = Yy Yg B7s(s + 1)

D-D

? -y J - ) + 3 J ) + 3 J o € + w_)
X L 112 oWy — g g Jyl, z Y2 Wy s
ol (2)

where
Ve = magnetogyric ratio of the observed nucleus
(130)
Y = magnetogyric ratio of the relaxing nucleus
&)
A = Planck's constant/2m
S = spin of the relaxing nucleus (s = % for 1H)
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Joluy = wg) = (24/15)(r; %) (w /(1 + (o - w )2t ?
I ) = (4/15)(r; ®)(w /(1 + w 2t ?)
Jplu, + w) = (16/15)(r; %) (w /(1 + (w, + v )?r 2
ri = distance between nucleus x (lSC)
and nucleus si(lH)
w, = Larmor frequency of the observed
nucleus (13C)
wg = Larmor frequency of the relaxing
nucleus (lH)
Ty = rotational correlation time
A similar expression describes spin-spin (Tz) relaxation.lz
Log-log relaxation plots for the dipolar mechanism are
given in Figures la and 1b.
19

Because of the results obtained on model heme systems,
Chemical Shift Anistropy (CSA) must be included when describ-
ing the overall rate of relaxation for 13CO bound to hemo-
globins and myoglobins. So, for 13CO coordinated to these

proteins, eq. 1 becomes13

1 1 1 (3)

Figure lc is a log-log plot generated from eq. 3. An inter-

: -8
esting phenomenon is revealed in this figure. For T, < 10

sec, the observed field dependence is like that for the
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13

dipolar mechanism. Thus, for CO bound to hemoglobins,

the measured Tl will appear to be dominated by the dipolar

mechanism, even if CSA is the dominant relaxation mechanism.

13

For CO coordinated to myoglobins, T, is on the order of

5 x 10_9 sec, so the T1 that is observed should show a

CSA-like field dependence. However, in all cases the

linewidth will have a frequency dependence characteristic

of the CSA mechanism (see Figure 1d).



40

Figure 1

Calculated log-log plots of spin-lattice relaxation

13

(Tl) and linewidth for Cox= (a) T1 calculated

= 2.0 R; (b) linewidth calculated
2

using eq. 2 and Toftf
o)
using an equation similar to eq. 2 and reff = 2.0 A;1
o)
(c) Tl calculated using eq. 3 with Toff = 2.1 A and
Ac = 276 ppm; (d) linewidth calculated using an

o)
expression similar to eq. 3 and Toff " 2.1 A and

Ao = 276 ppm.
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RESULTS AND DISCUSSION

Figure 2 is a copy of the T1 data obtained by Moon1
of 13CO bound to human hemoglobin. As can be seen by
this figure, the Tl's exhibit a dipolar field dependence.
Moon fit these data using eq. 2 and obtained an effective
proton-carbon distance (reff) of 1.77 + 0.05 R at 2.35
Tesla and 1.77 + 0.07 X at 1.41 Tesla. However, this ob-
servation was not supported by the NOE data, as the expected
signal enhancement of 1.17 was not observed. This left

many doubts concerning the analysis of the T, data. However,

1
if one assumes that there are two mechanisms contributing
to the observed Tl’ then these data can be explained, i.e.,
if the 1300 is not being relaxed totally by the dipolar
mechanism, then the NOE which is observed will only be a
fraction of the expected signal enhancement.

Equation 3 can be rewritten as

T Ao) (4)

r’ Teff’

where Ho’ the magnetic field strength, is now included as a

second variable. This can now be looked upon as a non-
n
: s < -6 ,_ -6 2
linear function with parameters reff (_iél ry ) and Ao”™.

Thus, both sets of T, data (2.35 and 1.4 Tesla) can be 1 i

1

to this equation using a non-linear least squares approach.

Figure 3 shows the weighted non-linear least squares

1
£it of the HbA-13CO T, data shown in Figure 2. ° The r_s;

1
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Figure 2

Dependence of 1300 Tl's on hemoglobin concentration.

The values were obtained for carbonmonoxy hemoglobin
in 0.15 M NaCl, pH 6.9-7.0. The figure is from

ref. 1 (reproduced without permission).
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Figure 3

Plot of the data from Figure 214 along with

theoretical curves generated using eq. 3 with
o

Ac = 194 + 37 ppm and Toff = 1.81 + 0.02 A.

The correlation times were obtained from ref. 1.
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obtained with this analysis (r_,, = 1.81 + 0.02 %) is

ff
consistent with that estimated from the crystal structure

of carbonmonoxy myoglobin.15 The significance of the
anisotropy which was obtained (Ao = 194 + 37 ppm) will be

discussed later.
Confirmation of this interpretation was needed, however,

as there still was no direct evidence that CSA was con-

13CO. Table I summarizes

13

tributing to the relaxation of the

the Tl and linewidth measurements of CO bound to myoglobin

and the 1linewidth data for rabbit hemoglobin. Figure 4

13

shows the frequency dependence of the linewidths of CO

bound to rabbit hemoglobin. The linewidth data for both
proteins clearly show that CSA is contributing to the observed

relaxation rates. Also, the myoglobin—lSCO T1 exhibits the

postulated field dependence.

The question now becomes -- what can T1 data reveal about
13CO bound to these proteins? Both
16

the environment of

Satterlee et a14’5

and Tucker et al have implicated an
interaction between His-E7 and CO when it is bound to hemo-
globin. Satterlee et al4 believe that there is a nucleophilic
interaction between the unprotonated nitrogen of the histi-
dine's imidazole ring and the carbon atom of the CO ligand
(see Figure 5). Evidence for this has been inferred from the
difference in the CO stretching frequency and absorption in-

tensity of the ligand bound to the a and B subunits of

rabbit hemoglobin.
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Figure 4

1300 resonances of carbon-

Field dependence of the
monoxy rabbit hemoglobin in 0.15 M NaCl: (a) 25.14
MHz,; (b) 45.28 MHz. Note the increase in line-

width in going from (a) to (b).
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Figure 5

Postulated Lewis base interaction between the distal
histidine (E7) and heme bound CO. The figure is

from ref. 4 (reproduced without permission).






Table I

13

Spin-Lattice Relaxation Times and Linewidth Measurements of (610]

Bound to Sperm Whale Myoglobin and Rabbit (New Zealand White) Hemoglobin

Samplea Tem 0C) v (MHzZ) Il(sec)b gl/z(Hz)C
13 25.14 0.52 + 0.17 v
Mb-""CO 21 +1
90.5 < 0.20d v 50
o B
- 28 + 3 25.14 10 11
Hb-""CO
: 29 + 2 45.28 ~ 30 N 32
a) [Mb-15CO] = 1.1 mM, 1, = 4.1 x 10-9 sec, [Hb-13CO] = _2. 4 mM, = 2 3 x 10~% sec
at 310C. Rgdii used for calculation of tp: Ry = 16.2 R, By = 54.2 §,1
R0 = 1.5 A;1

b) errors are standard deviation obtained from non-linear curve fit;

c) 1linewidths at 45.28, 50.3, and 90.5 MHz contain digital line broadening on

the order of 6-10 Hz;

d) because of the width of the 13¢co resonance, a more accurate determination of T1
was not possible. Using the available data, the non-linear curve fit gave

Ty = 0.11 + 0.04 sec, although this value and its precision should not be taken
very seriously.

€G
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Ac should be a very sensitive indicator of the presence,
absence, or extent of such a nucleophilic interaction.
It gives a direct measure of the electronic environment

13 17

and local symmetry of the carbon-13 nucleus in C=0.

As local symmetry decreases (as would be the case for the
type of interaction shown in Figure 5), Ac decreases.17
Such an effect is seen with the human hemoglobin data which

13CO coordinated to the

indicates that the symmetry of
protein (Ac = 194 + 37 ppm) is vastly different than that
for lBCO bound to l-methylimidazole-protoheme IX dimethyl
ester (Ac = 584 + 132)

In order to further examine this nucleophilic inter-
action, T1 studies have been carried out to measure Ac
and Toff for 13CO bound to rabbit hemoglobin and to the
monomeric hemoglobin from the marine annelid Glycera

dibranchiata. The results of these studies shall be discussed

in Part -III.



55

REFERENCES

g o

10.

11,

Moon, R. B. Ph.D. Thesis, California Institute of
Technology (1975)

a) Moon, R. B. & Richards, J. H. J. Am. Chem. Soc.

1972, 94, 5093-5095; b) Moon, R. B. & Richards, J. H.

Biochemistry 1974, 13, 3437-3443; c) Moon, R. B.,

Dill, K. & Richards, J. H. Biochemistry 1977, 16,

221-228.

Vergamini, P. J., Matwiyoff, N. A., Wohl, R. C. & Bradley,

T. Biochem. Biophys. Res. Commun. 1973, 55, 453.

Satterlee, J. D., Teintze, M. & Richards, J. H.

Biochemistry 1978, 17, 1456-1465.

Satterlee, J. D., Teintze, M. & Richards, J. H.
submitted for publication.
Satterlee, J. D. 1978, private communication.

Freeman, R. & Hill, H. D. W. J. Chem. Phys. 1971, 54,

3367.

Hull, W. D. Ph.D. Thesis, Harvard University (1975).
Shoemaker, D. P., Garland, C. W. & Steinfeld, J. I.
"Experiments in Physical Chemistry,'" McGraw Hill,
Inc., N.Y., pp. 392-400 (1974).

Oldfield, E., Norton, R. S. & Allerhand, A. J. Biol.
Chem. 1975, 250, 6368.

Allerhand, A., Doddrell, D., Gloshko, V., Cochran,
D. W., Wenkert, E., Lawson, P. J. & Gurd, F. R. N.

J. Am. Chem. Soc. 1971, 93, 544.

3367.



12,

13.

14.

15.

16.

17.

18.

19.

56

Farrar, T. C. & Becker, E. D. "Pulse and Fourier Trans-
form NMR,'" Academic Press, Inc., N.Y., pp. 55-56 (1971).
The contribution to the total rate should be dominated

by 1/T1 and l/T1 , So the other rates can be

CSA D-D
neglected. See Norton, R. S., Clouse, A. O., Addleman,

R. & Allerhand, A. J. Am. Chem. Soc. 1977, 99, 79.

The Tl data in Figure 2 were recalculated with the non-
linear least squares method discussed in the experi-
mental section before fitting the data to eq. 4.
Antonini, E. & Brunori, M. "Hemoglobin and Myoglobin
in Their Reactions with Ligands,' North-Holland
Publishing Company, Amsterdam, Chapter 4 (1971).
Tucker, P. W., Phillips, S. E. V., Perutz, M. F.,

Houtchens, R. & Caughey, W. S. Proc. Natl. Acad. Sci.

USA 1978, 1076-1080.

Appleman, B. R. & Dailey, B. P. "Advances in Magnetic
Resonance,'" J. S. Waugh, ed., Vol. 7, Academic Press,
N.Y., p. 231 (1974).

Schneider, R., Mayer, A., Schmatz, W., Kaiser, B.

& Scherm, R. J. Mol. Biol. 1969, 41, 231.

Perkins, T. G. Ph.D. Thesis, California Institute of

Technology, Part I (1981).



57

PART III

Nuclear Magnetic Resonance Investigation of

13CO Binding to Heme Proteins:

Structure and Function.
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INTRODUCTION

Much work has been presented in the literaturel_15

regarding the interaction of the distal residues of hemo-
globins and myoglobins with heme-bound carbon monoxide.

It is generally agreed that the distal residue E7 influ-
ences the CO affinity of these proteins, although the exact
nature of the distal interaction with the heme-coordinated

1-12

ligand has been subject to debate. Recent work with

model systems6’12

has yielded conflicting results: One
group6 has found that with a sterically constrained model
heme, the CO affinity was lower than that for the same model
without any steric hindrance, thus supporting a distal steric
interaction with the heme pocket; Traylor and Berzinis12

were able to mimic the reduced CO affinity with a model

heme which was not sterically hindered. In neither case has
a model system been constructed which would allow for the
study of the proposednucleophilic interaction between His-

3,4,10,11 Because of this

E7 and the heme-coordinated CO.
and the conflicting results from the model studies, it be-
comes necessary to reexamine the protein-CO complex in

such a way that one of the proposed distal interactions,

the nucleophilic interaction, may be confirmed or rejected.
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As described previously,16 the anisotropy of the

chemical shift tensor, Ao, can be obtained for heme-coordi-

13

nated CO through the measurement of spin-lattice relaxa-

tion times (Tl) from the nuclear magnetic resonance (nmr)

1300. Ao can be used to elucidate the nature

spectrum of
of the interaction between the distal residue His-E7 and
the heme-bound CO, as Ao is very sensitive to changes in
the local electronic environment of the carbon nucleus.17
Thus, if the nucleophilic interaction exists, then there
should be a dramatic difference in Ao for the heme-bound
13CO relative to 13CO coordinated in a protein which lacks
His-E7. In this regard, the T1 relaxation behavior of
1300 bound to New Zealand white rabbit hemoglobin (HbR),
which, unlike human hemoglobin (HbA), has resolved resonances
for 1300 bound to the a andB chains, and to the monomeric

hemoglobin from the marine annelid, Glycera dibranchiata

(His-E7 - Leu, Hb-I1), has been examined at three different
magnetic field strengths (1.41, 2.35, and 4.7 Tesla).
These experiments have yielded not only values for Ao that
confirm the existence of the nucleophilic interaction within
the heme pocket, but also, in the case of HbR, the

13

geometry and motional behavior of the CO when bound to

the heme.
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EXPERIMENTAL

Sample Preparation: Rabbit (New Zealand white) hemo-

globin samples were prepared from 50 cc of freshly drawn,
citrated blood. The red cells were separated from the
plasma by centrifugation at 2000 rpm for 30 minutes and
washed three times with 0.15 M NaCl. The cells were then
lysed with distilled water at 4OC, and the cell debris

was removed by centrifugation at 15,000 rpm for one hour.
The resulting hemoglobin was purified first with 0.1 M
Tris (pH=8.1) using continuous flow high pressure ultra-
filtration (Amacon UM-10) for 24 hours at 4°C and then
chromatographed on a Sephadex G-75 column equilibrated with
0.1 M Tris (pH=8.1). The sample was then concentrated

by ultrafiltration to the appropriate volume, usually

10 ml, and degassed with nitrogen in a 30 cc syringe.
Approximately 10 ml of 13CO were then added to the syringe,
after which the sample was injected into a sealed, degassed
10, 12, or 18 mm nmr tube; each tube contained a D20
locking capillary.

G. dibranchiata hemoglobin samples were prepared by

allowing the coelimic fluid from freshly sacrificed
worms to drain into a flask containing 0.5 M NaCl and
0.5 M sodium citrate. The cells were separated from the

plasma by centrifugation at 2000 rpm for 30 minutes and



61

washed three times with 0.5 M NaCl. The cells were then
lysed with distilled water at 4°C and centrifuged at

7000 rpm for 90 minutes and 13,000 rpm for 15 minutes.

The dimer hemoglobin (Hb-I) was precipitated from the centri-
fuged solution by first adding ammonium sulfate to create

a solution concentration of 1.2 M and letting the solu-
tion remain at 4°C for 16 hours. The solution was then
centrifuged and more ammonium sulfate added, this time to

a concentration of 3.2 M, for 24 hours. After centrifuga-
tion, the sample was dialyzed against 0.03 M NaH2P04

(pH ~v 7) for 24 hours and then concentrated to about 10 ml

13c0. The resulting

by ultrafiltration (Amacon UM-10) under
solution was then chromatographed on a Sephadex G-75
column (0.1 M Tris, pH=8.1). Only one band, the monomer
eluted off the column. The remaining sample preparation
was the same as that for the rabbit hemoglobin samples.

The concentration of the carbonmonoxy rabbit hemoglobin
samples was estimated spectrophotometrically using the

absorption at 419 nm and an extinction coefficient at

e = 764 mM. The G. dibranchiata carbonmonoxy hemoglobin

concentrations were determined using € = 232 mM for the
absorption at 422 nm.

Instrumental: Carbon-13 nmr spectra were obtained

with three different spectrometers. Low field measurements

were made on a JEOL FX-60 spectrometer operating at 15.04 MHz.
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Spectra at 25.14 MHz were obtained on a Varian XL-100-15
spectrometer. The high field spectra were acquired with
a Varian XL-200 spectrometer which has a carbon-13 resonant
frequence of 50.3 MHz. Ten mm sample tubes were used on
the FX-60, 12 mm tubes on the XL-100-15 and 18 mm tubes on
the XL-200. The probe temperatures were in the range of

28 + 3°C.

Zl Measurements: Spin-lattice (Tl) relaxation measure-
ments were made using progressive saturation.18 In all

cases the limitation that Tz* << T1 was satisfied. The

delay times (1) were varied randomly so as to eliminate

systematic errors. T1 values were calculated using a non-

linear least squares program19 to fit the equation

AT = A+ (A0 - Aw)exp(—T/Tl).

Viscosities and Densities: Viscosities of solutions

were determined by the method of Shoemaker et al.20

Densities were measured with a 5 ml Weld pycnometer. These

measurements were used in the determination by microviscosity

theory21 of Tp for each solution.
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Dioxygen Binding Curves: For all known oxygen carriers

which contain heme prosthetic groups, the relative affinity

for CO versus O2 is given by the partition coefficient M,

which is defined by eq. 1:22
pO
_ [HbCO 2
M-—Hbzxp—co— (1)
where
pOz = pressure: of O2

pCO = pressure of CO

In most cases, M is greater than 1, as the formation of an

23 For human hemo-

Fe-CO bond is a very favorable process.
globin (HbA), M = 250.14 This is a very reasonable number,
if one takes into consideration both the amount of CO pro-

5,24,25 and what would hap-

duced catabolically in the body,
pen if M were larger. In order to examine this, the follow-
ing calculations were performed.

Roughton and D:a,rlingz6 studied the binding of CO to
HbA and its effect on the HbO2 binding curve. They obtained

the following expression to describe their results:

pO = p0, /(1 + Tnn/Tn ) (2)
200 2 CO O2

where
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pO2 = pressure of O2 with HbCO present
CcO
pO2 = pressure of 02 with no HbCO present
?CO = fractional saturation of Hb with carbon
monoxide
?O = fractional saturation of Hb with dioxygen
2
If one assumes that27
_ Ly Ly Ly I,
M=% "% %, "%, k%
1 2 3 4
where
Li = Adair constant for carbon monoxide
(1 = 1,2,3,4)
Ki = Adair constant for dioxygen (i = 1,2,3,4)
then
Li = M'Ki (4)

Thus, given values for Kl’ K2, K3, K4,

used to generate dioxygen fractional saturation curves.

and M, eq. 2 can be

A collection of these curves is shown in Figure 1. One ob-
servation which is noteworthy is that as M becomes larger
than 500, both the cooperativity of the hemoglobin and the
amount of available dioxygen binding sites decreases
dramatically with increasing M. Therefore, M must remain
low (< 500) or else CO poisoning would be very common among

humans.
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Figure 1

Theoretical O2 saturation curves for Hb obtained

using eq. 2. Adair constants used are K1 = 0.00949,

A
I

0.031, K; = 0.019, K,

DPG, 2500), and L1 = M x 0.0238, Lo = M x 8 {o b

5 =Mx0.13, L, = M x 6.86 (p H = 7.4, 25°C).?8

= 9.78 (pH = 7.4 2 mM

L
Il

Units of Adair constants are mm Hg. Peo = 3 x 10—3

mm Hg.2% [Hb] = 0.24 mM.
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T, Relaxation with Internal Motion: As described

previOusly,16 the relaxation behavior of 1300 bound to hemo-
globin may be represented as a sum of the dipolar (D-D)

and chemical shift anistropy (CSA) relaxation rates:

. 1 _ 1 " il (5)
1 ] e
TOT D-D CSA
If the 1300 is undergoing internal rotation when bound to
the protein, than eq. 5 may be expanded as follows:zs’z9
1 1 2 2 y2 -6
T = g{5XY Y % s(s+1)reff F1
ltor % &
(6)
+ %gﬁiwxz(Ac)ze
where
Y = magnetogyric ratio of the observed
nucleus (13C)
g = magnetogyric ratio of the relaxing
nucleus (1H)
£ = Planck's constant/2m
s = spin of the relaxing nucleus (s = % for 1H)
B0 g r, 6
eff j=1 1
r. = distance between nucleus X (13C) and

nucleus S; (1H)

F1 = J(wx—ws) + SJ(wx) + 6J(mx+ws)



J(w) = AT,/ (1+w

68

2 2

2
T, ) F BTl/(l+w211 )

2 2
+ CTz/(l"'T (.02 )

2(3cos?o - 1)?

2

6cos29sin S}

3 .. .4
§s1n €]

rotational correlation time of the protein

1/(1/1:r + 1/Ti)

1/(1/Tr + 4/Ti)

internal correlation time about an axis which
reorients with T

r

angle between § and the axis of internal

eff
rotation

Larmor frequency of the observed nucleus (130)

Larmor frequency of the relaxing nucleus (1H)

anisotropy of the chemical shift tensor

2 2_2

2
COTr/(1+mx Tp 2 % ClTl/(l+wx 17

2_ 2

+ Csz/(l+wX To )

%(300538 - l)2
6coszssin28

3. .. 4

5Sin B

angle between the internal rotation axis and

and the principle chemical shift axis
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For the heme-bound 13CO, B represents the angle between the

1300 axis and the Fe-C bond, the only possible axis of

rotation (Figure 2).
Log-log relaxation plots calculated using eq. 6 are
shown in Figures 3 and 4. It can be seen that for

T 2 T4 and non-zero values of B and O, T1 is independent

of Tpe If these angles are equal to zero, then internal

motion cannot be detected, even though it may exist.
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Figure 2

Schematic representation of 13CO bound to hemo-

globin. The angle B and correlation time Ty

are discussed in the text.
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Figure 3

Calculated log-log blots of spin lattice relaxation
(Tl) for 13CO using eq. 6: (A) Dipolar contribu-
tion; (B) Chemical shift anisotropy contribution.

The angles 0 and B are discussed in the text.
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Figure 4

Calculated log-log plot of the total spin-

13

lattice relaxation (Tl) for CO using

eq. 6.
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RESULTS AND DISCUSSION

Figures 5 through 7 show the T1 data for 13

CO bound
to HbR and Hb-II. In the case of both the o and B chains

of HbR, it is clear that as t1_, increases, T, becomes con-

i 1
stant. This indicates the presence of internal motion for
the 1300 bound to HbR. For Hb-II, the correlation time

region is such that, with or without internal motion, T1

should not vary significantly with Ty In order to extract

the various nmr parameters (Ao, r T B, and ©0), multi-

eff’
variable non-linear least squares methods have been used

i,

to analyze the data. Eq. 6 may be rewritten as

1 _
T1 = f(HO, T
TOT

where Ho, the magnetic field strength, and T, are the two

Ao, T

B, ©) (7)

r’ Teffr Tiv

variables, and Ao, Toefr Tio B, and © are the parameters

to be obtained from the data. Because of the periodic nature
of B and 0O, a three-dimensional surface with dimensions

B, 0, and the weighted root mean square (rms) deviation

for the least squares fit of the data was created. B8 and

© were varied manually while the values for Ao, o

and T; were obtained from the least squares analysis; this
process continued until values for B and © were found which

yielded a minimum rms deviation. The results of this data

analysis are summarized in Table I.
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Figure 5

Plot of the T1 relaxation data for 13

the o-chain of New Zealand white rabbit hemoglobin.

CO bound to

The theoretical curves were generated using

o

eq. 6 with Ao = 162 + 19, r 1.82 + 0.05 A,

eff =

T, = 7.9 *+ 5.0 nsec, B = 45°, and 0 = 0°.
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Figure 6

Plot of the T1 relaxation data for 13CO bound to
the B-chain of New Zealand white rabbit heméglobin.
The theoretical curves were generated using eq. 6

with Ac = 168 + 18, r_pr = 1.81 + 0.04 ], T =

(0]

8.4 + 4.4 nsec, B = 43", and O = 0°.
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Figure 7

Plot of the T1 relaxation data for 1300 bound to
the monomeric hemoglobin from the marine annelid

Glycera dibranchiata. The theoretical curves were

generated using eq. 6 with Ao = 419 + 56, Toff =

o)
1.83 + 0.11 A, and B8 and 0 = O.
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Parameter

|Ac| (ppm)
1

reff (4)

T; (nsec)

B

0

Summary of Relaxation Parameters for g

oa—-chain

162

|+

1.82 +
7.9 +
450

00

19

0.05

5.

0

HbR

1.

8.

Table I

B-chain
168 + 18
81 + 0.04
4 + 4.4
439
00

3

Hb-II

419 + 56
1.83 + 0.1
00

OO

CO Hemoglobins

194 + 37

1.81 + 0.02

a) Calculated

using average Tl values for a-

and B-bound 13CO.

From reference 16.

78
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As in the case of HbA, the values obtained for Toff

and © 1in both proteins are consistent with a '"reservoir"
effect, i.e., the dipolar relaxation is due to all of the
protons in the heme pocket, not just a select few. This

does not support the proposed hydrogen bond interaction

between the NH proton of His-E7 and the 13CO.35

The values obtained for Ao clearly show that, when
histidine is the E7 residue, there is a large perturbation

in the local electronic environment of the heme-coordinated

13CO. This is not true in the case of the Hb-II, which

has a leucine residue in the E7 position.
Listed in Table II are values of Ao for a variety of
13CO complexes. The only complex that has a Ao value

which approaches those of 13CO bound to HbA and HbR is one

13C

with a bridging O. This is the same kind of geometry

expected in the protein when His¥E7 interacts with the

1300 via a nucleophilic effect. On the other hand, Ac

for Hb—II—lBCO is the same as Ac for Fe(lSCO)5 and the

model complex l-methylimidazole-protoheme-IX-dimethyl

ester-lSCO (l—MeIm—PHDME—ISCO). Thus these observations

support the existence of a nucleophilic interaction between

13

the histidine nitrogen and the heme-coordinated CO.

The internal motion parameters Ty and B give further

13

insight into the geometry of CO when bound to HbR.

1
The magnitude of Ty (8 + 5 nsec) indicates that the 3CO



Compound

o—-chain
HbR-13c0

B—chain

M1 T2

co
HbA-13co

1-Me Im-PHDME-13C0
13,

Fe(1300)5

13

Table II

CO Shielding Tensors and Anisotropies

a

b

9

93

99

267

116

377

283

253

277

4

Uy

- 69

- 69

-152

-207

-123

-155

-167

-127

)

AV

15

13

12

13

12

12

19

19

81

a

|Aa |

162 19

|+

168 18

| +

419

|+

56

194

I+

37

584 132

|+

406

|+

30

408 41

|+

(444)

(138)

Reference

This work

This work

16

16

32

33

34

a) Chemical shifts are based on absolute scale, with opy =
Positive opy denotes upfield shift.

12 + 10 ppm for 13CO.1l7

98
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is essentially immobilized within the heme pocket. This
compares with a T value of 0.4 nsec for the C-1 carbon

of ethyl isocyanide when bound to HbA.3® Clearly, it is

not steric hindrance alone that causes the restriction of the
1300 motion within the heme pocket. Figure 8 illustrates
the orientation along with one of the contributing

resonance structures, of 1300 bound to HbR. The values
obtained for B are in excellent agreement with those derived

15 1t should

from the x-ray structure of carbonmonoxy-HbA.
be noted that the present study cannot reveal whether or
not the Fe-C bond is perpendicular to the heme plane.
Table III summarizes some of the CO binding data from
various studies. The correlation between M and Ao is what

would be expected if the nucleophilic interaction were

contributing to the reduced CO affinity in hemoglobins.
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Figure 8

Schematic representation of 1300 bound to New

Zealand white rabbit hemoglobin. Ba-chain =

o

45", BB—chain = 43

© Also shown is the most

probable13 resonance form for the nucleophilic

interaction.






Table III

Summary of Information for CO Binding to Hemoglobins

HbA(ref.) HbR(ref.) Hb-II(ref.) HbZurich(ref.)
Distal o His His His
(14) (14) Leu (37) (1)
E7 3] His His Arg
M 250 (14) 102 (14) 20,000 (37) > 500 (1)
C-0 stretch o 1951 1928 1952
-1 (3) (3) 1970 (4) (1)
(cm ) B 1951 1951 1958
1300 chemical a 207.5 209.1 207.5
(16) (4) 206.2 (4) (8)
shifts (ppm) B 207.1 207.1 < 207.1
Ao (ppm) a 162+19 —_

194+37 (16) (this work) 419+56 (this work)
B 168+18 -——-
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CONCLUSION

The present investigation demonstrates how chemical
shift anisotropy may be used to obtain structural informa-
tion about a particular chemical system. The applicability
of this method to other problems should be fairly straight-
forward. It is hoped that these methods will prove useful

in the future study of protein confirmation.
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PART IV

Carbon Nuclear Magnetic Resonance Studies of
the Histidinée Residue a-lytic Protease.

A Reexamination at Higher Magnetic Field.
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INTRODUCTION

In catalysis by serine proteases, three residues,

102 . D7 195

Asp , His™ , and Ser , form a catalytic triad in which the

hydroxyl group of the serine acts as a nucleophile to attack

the carbonyl carbon of the scissile amide bond while the

Asp-His diad stores the proton thus released.l_3 The

question of the microscopic ionization behavior of the Asp

and His residues has received attention, the primary focus

being the degree to which the proton on N(S1 of His57

102

may be

13

transferred to the carboxylate anion of Asp C study4

A
of the enzyme, o-lytic protease, suggested that this transfer

was complete, resulting in a neutral imidazole ring and a

5

neutral carboxylic acid group; ir observations™ and theoreti-

cal c:alcula,tions6_9 supported this suggestion. In contrast,

15N and 1H studieslo_16 and a structural determination by

neutron diffraction17 show that the proton never leaves N6l

57

of His”'; accordingly, the diad exists as a carboxylate anion

and imidazolium cation in the range pH 4-6.5. This suggests

by analogy that, during catalysis, a proton likewise remains

1 57 102

bonded to N of His and that the role of Asp is to

stabilize this adjacent cationic center and also to maintain

. S
the imidazole ring in the proper orientation to act as an

efficient acceptor of the proton of the hydroxyl group of
Ser195 as its oxygen adds across the carbonyl group of the

amide to form the tetrahedral oxyanion.3 In this regard,
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proton inventory studies showing that two protons are con-

certedly involved during catalysis of appropriate sub=

strates 18-21 can be understood as representing transfer

57

N€2 of His and the formation of an ex-

of one proton to

ceptionally strong hydrogen bond between the carboxylate

102 N1

anion of Asp and 57.20

of the immidazolium cation of His

To understand the apparent discrepancy between the
13C results and others, we have reexamined the nmr behavior
of a-lytic protease enriched with 130 at C-2 of the imidazole
ring of its single histidine residue (His57). The suggestion
that this ring remains neutral at acid pH rested on the

behavior of the coupling between the &8

C nucleus and its
attached hydrogen (1JCH). Examination of the nmr spectra
at 25, 50 and 125 MHz reveals the presence of three forms
of the enzyme at acid pH which are in slow exchange at

125 MHz but in intermediate to fast exchange at 25 MHz; for
all forms, the observed coupling constants suggest the
presence of the protonated imidazolium cation form of

His57.
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EXPERIMENTAL

Materials: L—[2—130]—histidine was synthesized by

the method of Hunkapiller et al.% starting with L-2,5-

diamino-4-ketovaleric acid dihydrochloride and KlBCN (pur-

chased from Prochem, 90.6% 130, lot 43 X 80). Yield from

13

5.0g of K'SCN was 4.2g of L-[2-13C]-histidine. The 'H and

130 nmr spectra in D20 were consistent with L-histidine

enriched 90.6% with 13C at C-2.

New Myxobacter 495 cultures were procured from
Dr. E. A. Peterson of Agriculture Canada, Research Branch.
The basic growth procedure was that of Hunkapiller et al.,4
with a modified culture medium designed to reduce incorpora-
tion of unlabeled histidine into the protein and also dilu-
tion of the 130 label into nonspecific protein sites.

The bacteria were grown initially on slopes (1% agar,
0.2% Difco tryptone) for 36-48 hours prior to transfer to
shake cultures. The shake cultures (first 100 ml in 300 ml
flasks, then 1% in 2.8%2 flasks) consisted of the following

synthetic medium: L-amino acids (mg/%): Ala-120; Asp-200;

Arg-120; Asn-120; Gln-200; Gly-100; Ile-150; Lys-200; Leu-250;
Met-100; Phe-75; Pro-250; Ser-150; Thr-100; Tyr-50; Val-130;

Inorganic Salts (mg/2): K HP04-3H 0-2000; NaCl-2000;

2 2
5 - : - | -15; *7H,0-15;
MgSO4 7H20 1000; KNO3 500; Fez(SO4)3 155 ZnSO4 7 9
MnSO4'H20—2; Monosodium L-Glutamate (20 g/%) was added as the

primary nitrogen source. Sucrose (10 g/%, autoclaved sepa-
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rately) was used as the major carbon source. The above
amino acid mixture is designed to simulate the composition
of histidine-free casamino acids (casein hydrolysate).
Hence, no unlabeled histidine was introduced into the medium.
All media were made up in distilled water, and the final pH
was adjusted to 7.1-7.2. The growth temperature was main-
tained at 27-29°C.

L-[2-13C]—histidine (100 mg/%) was added to each
100 ml culture initially. These cultures were grown for
three days and then transferred to the 12 cultures of the
same synthetic medium containing 50 mg/% of labeled histidine.
1 ml of a 2.5% (w/w) sterile solution of labeled histidine
was added at 24-hour intervals to the 12 cultures for five
days. After this time, the bacteria were harvested; a-lytic
protease activity was ~ 200 mg/% at this point. Activity
was assayed versus the synthetic substrate N-ac-L-ala-L-pro-

8 jn 0.1 M KC1, 0.05 M Tris-hydroxy-

L-ala p—nitroanilide1
methylaminomethane-HC1l, pH 8.75, 25°C.

Isolation and purification of the enzyme was performed
as per the method of Hunkapiller et al.,4 with three minor
modifications. 200 ml of Amberlite CG-50, pH 4.95, 0.1 M
Na-acetate (settled bed volume) was added to the combined

bacteria-free media, instead of 100 ml. Absorption of the

enzyme onto this resin was continued for two days, rather than
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one. Also, the final elution step required 0.50 M Na-
citrate buffer, pH 6.40, rather than 0.27 M Na-citrate,
pH 6.20. These changes were necessary due to some modifica-
tion in the properties of the presently available CG-50 resin
over that used in the previous isolations. The enzyme was
chromatographed on CG-50 twice; fractions containing o-lytic
protease were dialyzed three times versus 0.1 M KC1l and
three times versus distilled water, and lyophilized. Yield
was about 600 mg of enzyme from six liters of culture.

All materials were prepared by Robert Kaiser.

NMR Samples: NMR samples were made by dissolving the

desired amount of protein in 2.0 ml of 0.2 M KC1 (90%
double-distilled water-10% D,0 [v/v] and carefully adjusting
the pH with 1 N KOH or 1 N HCl. The pH was measured using

a combination electrode22 before and after each run; agree-
ment was + 0.05 pH units. Protein concentration in each

sample was checked by determining both the absorbance at

5 lcm 23
280’

hydrolysis of N-ac-L-ala-L-pro-L-ala p-nitroanilide at

280 nm ([E] = 5.16 x 10" x A and by monitoring the
410 nm (5.0 x 10_4 M in 0.1 M KC1, 0.05 M Tris-HC1l, pH 8.75
25°C). These two methods agreed to within + 2% and were
+ 5% with respect to added mass of protein. Comparison of
our nmr spectra with representative spectra done by

Hunkapiller et al.4 showed a 13C—histidine enrichment of

65-75% and little nonspecific enrichment.
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NMR Spectra: 13C nmr spectra were taken on three dif-

ferent spectrometers. Low field measurements were done on

a Varian XL-100-15 operating at 25.14 MHz. 200 MHz data
were performed on a Nicolet NT-200. The high field spectra
were obtained on a Bruker WM-500 spectrometer. Sample tubes
were 10, 12, and 20 mm in diameter, depending on the
spectrometer used. The linewidths were determined by sub-
tracting the line broadening applied to the FID (free induc-
tion decay) from the resulting transformed spectrum. Chemi-
cal shifts are reported relative to the arginine guanidinium
carbons which resonate at 157.25 ppm downfield from tetra-
methylsilane and whose position did not change over the pH

range investigated.
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RESULTS
Figure 1 shows the coupled and decoupled 13C nmr
spectra for a-lytic protease at pH 5.1. As can be seen,

the resonances corresponding to the C-2 carbon of the histi-

dine ring are clearly discernible above the unenriched
protein carbon resonances. The observed coupling constant
at this pH is 214 Hz, not 205 Hz as previously reported,4
indicating that the imidazole ring is protonated at pH 5.1.
However, if the coupling constant is measured using the
method of Hunkapiller et al.4 by taking twice the difference
between the downfield resonance of the proton-coupled C-2
doublet and the decoupled C-2 resonance, a value of 206 Hz
is obtained. This discrepancy between the observed coupling
constant (from the coupled spectrum) and the calculated
coupling constant will be discussed later.

Figure 2 shows the proton-coupled spectrum of a-lytic
protease at 125.76 MHz and pH 5.5. Two features appear at
this frequency that a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>