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ABSTRACT: Porcine adenylate kinase was subjected to one- and two-dimensional proton NMR studies in 
order to identify amino acid spin systems and obtain sequence-specific resonance assignments. With a 
combination of results from a map of side-chain distances resulting from the refined X-ray crystallographic 
data and nuclear Overhauser effect spectroscopy (NOESY), assignments are suggested for all the aromatic 
spin systems. 

Adeny la t e  kinase (ATP:AMP phosphotransferase, AK;' EC 
2.7.4.3) catalyzes the transfer of the terminal phosphoryl group 
from adenosine triphosphate to adenosine monophosphate in 
the presence of a divalent metal ion, physiologically Mg2+, 
according to (Noda, 1973) 

ATP*Mg2+ + AMP c-, ADP.Mg2+ + ADP 

The three-dimensional structure of the substrate-free porcine 
muscle protein (AK1) is well-known from X-ray studies 
(Schulz et al., 1974). The crystal structure of the yeast 
adenylate kinase (AK,) loaded with the presumed bisubstrate 
analogue AP5A was determined only recently (Egner et al., 
1987). 

Although there is plenty of evidence that the AP5A complex 
of pig AK1 mimics the active structure of the enzyme, evidence 
for this property of the corresponding yeast or Escherichia coli 
adenylate kinase (AK,) complex is less clear (Lienhard & 
Secemski, 1973; Feldhaus et al., 1975). NMR studies on the 
location of the nucleotide binding sites in mammalian AKI 
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were performed (Smith & Mildvan, 1982; Fry et al., 1985, 
1987). The nucleotide sites as derived from these NMR 
studies are incompatible with the ones obtained from the X-ray 
studies of the AK,.AP5A.MgZ+ complex crystal structure. 
Thus, the location of the two nucleotide binding sites is still 
under debate. 

The NMR studies suffer from, among other things, the fact 
that only sequence-specific resonance assignments for the im- 
idazole C2 proton of His'89 and the C2 and C4 protons of the 
imidazole ring of His36 were obtained in porcine AK1 
(McDonald et al., 1975; Kalbitzer et al., 1982). Several spin 
systems of aromatic side chains could be identified at 360 MHz 
(Rosch & Gross, 1985). In order to obtain more sequence- 
specific resonance assignments of the porcine AK1 proton 
NMR spectrum in the aromatic region, resolve some ambi- 
guities in earlier work, and get spin system identifications in 
the aliphatic region we undertook two-dimensional NMR 

Abbreviations: AK, adenylate kinase (EC 2.7.4.3.); AP,A, P',Ps- 
diadenosine pentaphosphate; COSY, correlated spectroscopy; DQF, 
double quantum filtered; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; 
NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect 
spectroscopy; TOCSY, totally correlated spectroscopy; TQF, triple 
quantum filtered. 
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FIGURE 1: (a) ‘H NMR spectrum of the porcine muscle adenylate 
kinase: protein concentration, 1 mM; buffer, potassium phosphate, 
50 mM, pH 6.2; temperature, 300 K. (b) Region of the aromatic 
resonances from (a). Multiplication of free induction decay with exp(at 
- bt2) ,  a = 10.0 and b = 0.3. 

studies of this protein at  500 MHz 

MATERIALS AND METHODS 
Porcine AKI was purified and the activity checked as re- 

ported previously (Barzy & Michelson, 1983; Tomasselli & 
Noda, 1980). The protein was stored in freeze-dried form at  
253 K after extensive dialysis against potassium phosphate at 
pH 6.2 in the presence of traces of sodium azide. Final buffer 
concentration was approximately 50 m M  in all experiments. 
For the NMR studies, the protein was dissolved in 99.8% D20, 
freeze-dried, and redissolved in 99.96% DzO. The activity of 
the protein was not reduced after this procedure. The final 
protein concentration was determined by measuring the dif- 
ference between the optical densities a t  234.5 and 228.5 nm 
(Ehresman et al., 1973). For two-dimensional N M R  studies 
we used samples with approximately 2.5 mM protein. This 
seemed to be the best compromise between achievable reso- 
lution, which goes down at higher protein concentrations, and 
necessary amount of protein to get decent signal-to-noise ratios. 

TyrG 
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FIGURE 2: Region of the aromatic resonances from the DQF-COSY 
spectrum of AKl:  protein concentration, 2.5 mM; other conditions 
as in Figure 1. 

All spectra were acquired on a Bruker AM 500 spectrometer. 
Temperature was regulated by a stream of dry air and con- 
trolled with a Bruker VT 1000 temperature control unit. The 
residual HDO resonance was suppressed by continuous irra- 
diation (except acquisition) at the HDO frequency. All spectra 
were referenced to internal 2,2-dimethyl-2-silapentane-5- 
sulfonate (DSS). A 0.4-mL aliquot of sample in a 5-mm tube 
and a 5-mi1-1 probe were used in all experiments. Parameters 
for the two-dimensional spectra were as follows: time-domain 
data matrix, 4K X 512 points; number of scans, typically 256; 
filter function applied prior to Fourier transformation, sine 
bell or shifted (a/32) sine bell; mixing times for totally cor- 
related spectroscopy (TOCSY), 40 ms, for nuclear Overhauser 
effect spectroscopy (NOESY), 150 ms. Attempts to shorten 
the mixing time in the NOESY spectra gave unsatisfactory 
results. 

We used the commercial software on an Aspect 3000 com- 
puter for spectrometer control. NMR data processing was 
performed on a PCS 9940 computer with a software package 
obtained from R. Kaptain, Utrecht, and modified and im- 
plemented in the C-programming language under the UNIX 
operating system by us. The distance map from the X-ray data 
was built with a program running in Modula-2 on an ATARI 
1040 ST system connected to a mainframe DEC VAX 8600. 

RESULTS AND DISCUSSION 
The resonances of the proton N M R  spectrum of porcine 

adenylate kinase are very well resolved for a protein this size 
(Figure la) .  The aromatic region reveals several doublets 
from tyrosyl and phenylalanyl ring spin systems (Figure lb). 

Residues with Aromatic Side Chains. Inspection of the 
phase-sensitive, double-quantum-filtered COSY (DQF-COSY) 
spectrum of Phe, Tyr, and His side chains of the Porcine AK1 
allows identification of all ring spin systems in the protein. 
These belong to five phenylalanyl residues (PheA to PheE in 
the figure), seven tyrosyl residues (TyrA to TyrG in the figure), 
and two histidyl residues. The C2H resonances of the latter 
were assigned earlier to His36 and HisIg9, respectively 
(McDonald et al., 1975) (Figure 2). Three out of the five 
phenylalanyl rings could also be detected in the totally cor- 
related spectrum (TOCSY), which reveals correlations be- 



2 D  N M R  O F  P O R C I N E  A D E N Y L A T E  K I N A S E  VOL. 2 7 ,  N O .  1 5 ,  1 9 8 8  5409 

Table I: Proton Chemical Shifts (ppm) of Amino Acids with Aromatic Side Chains (under the Conditions of Figure 2) 

81 8 2  a ring protons 

His36 8.16 (C2H) 6.89 (C4H) 3.92 3.79 5.08 
His189 7.88 6.52 3.03 2.96 4.18 
PheA 6.64 (C2/6H) 6.54 (C3/5H) 6.18 (C4H) 5.59 
PheB 6.35 7.02 7.14 3.13 3.04 4.16 
PheC 7.34 7.07 6.96 
PheD 7.29 7.18 7.14 4.44 
Phee 7.60 7.13 6.98 2.99 3.11 4.85 
TyrA 6.55 6.43 4.61 
TyrB 6.68 6.75 3.14 3.12 4.26 
TyrC 6.91 6.80 4.18 
TyrD 6.98 6.94 5.69 
TyrE 7.12 6.82 4.20 
TyrF 7.27 6.88 2.26 2.55 4.29 
TvrG 7.31 7.00 3.06 3.28 4.06 

tween the A and X resonances of a three-spin AMX system 
(Bax & Davis, 1985) (not shown). TOCSY thus helped to 
unequivocally differentiate between the ortho and para proton 
resonances of the phenylalanyl ring systems. As in other cases, 
it was not possible to trace the resonances of any of the aro- 
matic side-chain protons to the 0- and a-proton resonances 
in the COSY spectrum. In order to detect these connectivities 
we had to rely on the NOESY spectrum, which allowed the 
determination of the chemical shifts of the a- and @-proton 
resonances in several cases via the dipolar interactions of these 
protons with the protons of the respective ring spin systems. 
In this way it was possible to elucidate the complete spin 
systems of both His residues, two out of the five Phe residues, 
and three out of the seven Tyr residues. The chemical shift 
of all but one of the a-proton resonances of the Phe, Tyr, and 
His residues could be determined (Table I). 

Residues with Aliphatic Side Chains. Chemical shifts and 
connectivities of the resonances of spin systems of the aliphatic 
amino acids are much more difficult to determine. In the 
region between -3.0 and 5.0 ppm only a-proton and &proton 
resonances are to be expected (Wuthrich, 1986). Several Gly 
and Ser side chains could be detected in this region by com- 
parison of the DQF-COSY spectrum in D20, the triple- 
quantum-filtered (TQF) COSY spectrum (Rance & Wright, 
1986) in DzO, and the TQF-COSY spectrum in H20 .  In the 
DQF-COSY spectrum, the cross-peaks due to a-proton/@- 
proton coupling of several amino acids as well as those due 
to the a-protonla-proton coupling of the Gly residues appear 
in this region (Figure 3). The cross-peaks originating from 
the Gly a-protons can be distinguished from the cross-peaks 
from other amino acid proton resonances by collection of a 
TQF-COSY spectrum in H 2 0  solution, which shows the 
connectivities between the N H  proton and the two non- 
equivalent a protons. This feature is unique to the Gly spin 
system. On the other hand, a TQF-COSY spectrum collected 
in D 2 0  shows only cross-peaks from serine a-protonlP-proton 
couplings in this region (Figure 4), because all other resonances 
expected in this part of the spectrum are either two-spin 
systems or three-spin systems ILS with JIs = 0.0, preventing 
excitation of triple-quantum coherences. In this way, 4 Ser 
spin systems out of 9 in porcine AK1 and 5 out of 19 Gly spin 
systems could be identified (Table 11). In the same region 
of the DQF-COSY spectrum, cross-peaks originating from the 
a-proton/@-proton coupling of Thr and Ala residues can be 
detected. In the DQF-COSY spectrum of porcine AK1, five 
of the @-proton resonances are connected via cross-peaks to 
the methyl proton resonance region, thus revealing complete 
threonyl spin systems (Table 11). 

Sequence-Specific Assignments. For a protein the size of 
adenylate kinase it is, unfortunately, not possible to resort to 

3 7  

3 9  t i  & 

1; 
I '  

FIGURE 4: Same region as in Figure 3 of TQF-COSY spectrum: 
conditions as in Figure 2. 

the well-known COSY and NOESY chain-tracing procedures 
for sequence-specific proton resonance assignments in proteins 
(Wiithrich, 1986). We thus had to employ a comparison of 
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Table 11: Chemical Shifts of Resonances (ppm) from Gly and Ser 
Residues (under the Conditions of Figure 2) 

f f 1  P I  P? 
SerA 4.61 3.64 3.38 
SerB 4.48 3.96 3.96 
SerC 4.42 3.98 3.93 
SerD 4.36 4.0 1 3.96 

f f 1  ff2 NH 
GlyA 4.33 3.77 
GlyB 4.19 3.89 
GlyC 4.10 3.88 
GlyD 4.05 3.90 8.30 
GlyE 3.20 3.20 7.72 
GlyF 3.22 3.22 7.5 1 

ff B Y 

ThrA 4.58 4.42 1.19 
ThrB 4.36 4.48 1.46 
ThrC 4.21 4.38 1.28 
ThrD 4.03 3.96 1.34 
ThrE 3.73 3.59 1.05 

F 12 

Y 32 

Y 34 

Y 95 

F 105 

Y 117 

2ADK minimum distance 
F Y Y Y F Y Y Y F Y F  
12 32 34 95 105 117 153 154 163 164 183 

Y 153 

Y154 

F 163 

Y 164 

F183 

5.0 40 3 0  2 0  10 
FIGURE 5: Map of proton-proton distances of the aromatic residues 
of porcine A K 1  as derived from the X-ray structure. Horizontal and 
vertical axes are labeled with residue numbers. Atoms within residues 
are listed in the order (top to bottom and left to right): C,, Cb, C,, 
and C, (F) or O H  (Y). Darker shade represents closer distance, as 
indicated in the gray-tone scale. 

the upper limits of distances between protons of identified spin 
systems, information contained in the NOESY spectrum, and 
the structure information from the X-ray crystallographic data. 
As no proton-proton distance information is available from 
the X-ray studies, we arranged the ring part of all aromatic 
side chains in an X-ray structure derived carbon-carbon 
distance map (Figure 5 ) .  Inspection of this map shows that 
in a 0.5-nm radius of carbons of five aromatic side chains other 
aromatic side-chain carbons can be found. The value of 0.5 
nm is something like the generally accepted upper distance 
limit between protons in proteins whose resonances show 
cross-peaks in the NOESY spectrum under the usual exper- 
imental conditions (Wuthrich, 1986). We thus would expect 
to detect several cross-peaks within the region of the aromatic 
side-chain resonances in the NOESY spectrum. Indeed, the 
NOESY spectrum of porcine AK1 (Figure 6) shows four 

e 

75 73 71 69 . 67 ' 65 ' 63 ' 61 
W P P m  

FIGURE 6: NOESY spectrum of the aromatic region: solid lines 
represent COSY connectivities, broken lines NOESY connectivities; 
conditions as in Figure 2. 

Table 111: Tyr and Phe Resonance Assignments As Determined by 
Comparison of the NOESY Cross-Peaks with the Distance 
Information of Figure 5 

TyrA Tyr32 or Tyr34 PheA Phel* or PheIos 
TyrB TyrIs3 or TyrIs4 PheB Phe163 
TyrC Tyr95 or Tyr1I7 PheC PheI2 or PheIos 
TryD Tyr95 or Tyr1I7 PheD Phego or PheIs3 
TyrE Tyr164 PheE Phego or PheIs3 
TyrF Tyr32 or Tyr34 
TyrG TyrIs3 or TyrIs4 

cross-peaks between proton resonances from the ring part of 
aromatic amino acids that can easily be correlated with side 
chains from aromatic residues whose mutual proximity is 
known to be closer than 0.5 nm from the distance map. There 
are two pairs of Tyr residues that show cross-peaks in the 
aromatic part of the NOESY spectrum, namely, TyrB-TyrG 
and TyrA-TyrF. These obviously correspond to the pairs 

and T ~ r ' ~ ~ - T y r ' ~ ~  in the distance map. According 
to the crystallographic data, the distance between the protons 
of the aromatic rings of Tyr153 and Tyr154, which are located 
at the end of an a-helix, is smaller than the distance between 
the aromatic rings of Tyr32 and Tyr34, which are located in 
a P-sheet. We thus suggest assignment of the tyrosine pair 
with stronger cross-peaks to the tyrosine pair with the smaller 
distance according to the crystallographic data. Only two 
aromatic side-chain protons from phenylalanyl residues give 
rise to an interresidue cross-peak in the aromatic region of the 
NOESY spectrum, namely, PheA and Phec. Thus, these 
phenylalanyl residues correspond to residues Phe12 and Phelo5 
in the protein sequence. The cross-peak between PheB and 
TyrE can than be explained by assigning TyrE to Tyr164 and 
PheB to Phe'63. The assignments are summarized in Table 111. 
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The Copper Sites of Dopamine @-Hydroxylase: An X-ray Absorption 
Spectroscopic Study? 
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ABSTRACT: X-ray absorption edge and extended X-ray absorption fine structure (EXAFS) spectra are reported 
for the Cu(1) and Cu(I1) forms of bovine dopamine &hydroxylase (DBH; E C  1.14.17.1) and for the Cu(1) 
form of DBH bound either to tyramine substrate or to a multisubstrate inhibitor [Kruse, L. I., DeWolf, 
W. E., Jr., Chambers, P. A,, & Goodhart, P. J. (1986) Biochemistry 25, 7271-72781. A significant change 
in the structure of the copper sites occurs upon ascorbate-mediated reduction of Cu(I1) DBH to the Cu(1) 
form. While the average Cu(I1) site most likely consists of a square-planar array of four (N,O)-containing 
ligands a t  1.98 A, the average Cu(1) site shows a reduction in (N,O) coordination number (from -4 to 
-2) and the addition of a S-containing ligand at 2.30 A. No change in the average Cu(1) ligand environment 
accompanies binding of tyramine substrate, whereas binding of a multisubstrate inhibitor, 1 -(3,5-di- 
fluoro-4-hydroxybenzy1)- lH-imidazole-2( 3H)-thione, causes an increase in the Cu-S coordination, consistent 
with inhibitor binding to the Cu(1) site through the S atom. Although excellent signal-to-noise ratio in 
the EXAFS spectra of ascorbate-reduced DBH facilitated analysis of outer-shell scattering for a Cu-.Cu 
interaction, the presence of a binuclear site could not be proven or disproven due to interference from Cu-C 
scattering involving the carbons of imidazole ligands. 

D o p a m i n e  P-hydroxylase (DBH;~ EC 1.14.17.1) is a cop- 
per-containing monooxygenase that catalyzes the benzylic 
hydroxylation of dopamine to norepinephrine (Skotland & 
Ljones, 1979; Rosenberg & Lovenberg, 1980; Villafranca, 
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1981; Ljones & Skotland, 1984). In spite of the physiological 
importance of this biotransformation (Kruse et al., 1986a) and 
the interesting dependence of the monooxygenase activity upon 
prosthetic copper ions, surprisingly little is known about the 
ligand environment of the active site copper atoms in DBH 
(Kruse et al., 198613). Indeed, even the copper:protein stoi- 
chiometry has been an issue for debate although recent studies 
have convincingly demonstrated that a 2: 1 copper:subunit 
stoichiometry leads to maximal catalysis for phenethylamine 
substrate (Klinman et al., 1984) or alternative substrates (Ash 
et al., 1984). Catalysis by DBH follows a priming of the 
enzyme by reduction of the Cu(I1) form to the &(I) form 
by a one-electron donor (Rosenberg & Lovenberg, 1980; 

Abbreviations: DBH, dopamine @-hydroxylase; EPR, electron 
paramagnetic resonance; EXAFS, extended X-ray absorption fine 
structure; FT, Fourier transform; HPLC, high-performance liquid 
chromatography; XAS, X-ray absorption spectroscopy. 
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