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ABSTRACT. Type | Cu proteins maintain a trigonak8 coordination group (with weak axial ligation) in

both oxidation states of the €U" ion, thereby reducing the reorganization energy for electron transfer.
Requirements for maintaining this coordination group were investigatpdpfar plastocyanin (Pcy) by
mutation of a conserved element of the type 1 architecture, an asparagine residue (Asn38) adjacent to one
of the ligating histidines. The side chain of this asparagine forms an active site clasp via two H-bonds
with the residue (Ser85) adjacent to the ligating cysteine (Cys84). In addition, the main chain NH of
Asn38 donates an H-bond to the thiolate ligand. We have investigated the importance of these interactions
by mutating Asn38 to GIn, Thr, and Leu. The mutant proteins are capable of folding and bindihg Cu

but the blue color fades; the rate of fading increases in the order<Glmr < Leu. The color is not
restored by ferricyanide, showing that the protein is modified irreversibly, probably by oxidation of Cys84.
The more stable mutants N38Q and N38T were characterized spectroscopically. The wild-type properties
are slightly perturbed for N38Q, but N38T shows remarkable similarity to another type 1 Cu protein,
azurin (Azu) fromPseudomonas aeruginasBhe Cu-S(Cys) bond is longer in Azu than in Pcy, and the

NH H-bond to the ligating S atom is shorter. Molecular modeling suggests a similar effect for N38T
because the threonine residue shifts toward Ser85 in order to avoid a steric clash and to optimize H-bonding.
These results demonstrate that H-bonding adjacent to the type 1 site stabilizes an architecture which both
modulates the electronic properties of the Cu, and suppresses side reactions of the cysteine ligand.

Type 1 copper proteins are widely found in nature and has questioned this concept on the basis of density functional
function as electron-transfer agents-@). The spectroscopic  theory (DFT) calculationsl) which show the type 1 Ct
properties of the oxidized form are unusual for Cu(ll), as is coordination group (modeled as imidazole, methanethiolate,
the coordination geometry: a trigonal plane formed by one and dimethyl sulfide ligands at the positions defined by the
cysteine and two histidine side chains, with weak axial protein X-ray crystal structure) to be stable toward distortion,
interaction from a distant methionine side chain, and even in the absence of protein restoring forces. Ligand sets
sometimes a backbone carbonyl grodp Most known Cu-  consisting of four N/O atom ligands were found to prefer
(1) complexes are tetragonal, because of the ligand field tetragonal geometry, as expected. The trigonal geometry of
stabilization of the # electronic configuration by four  the type 1 site was inferred to result from the simultaneous
equatorialo bonds. Cu(l) complexes, however, hav® d 7 ando donor propensity of the thiolate ligand. Theand
electronic configuration and prefer tetrahedral or trigonal to 4 donor orbitals are known to dominate the type 1 spectro-
tetragonal coordination. Consequently, a trigonal Cu(ll) scopic propertiesi@), including the small EPR hyperfine
coordination ggometw_minimizes the ligand reorganizational coupling constants and the low-energy-SCu(ll) charge
energy associated with electron transfer. X-ray crystal- yransfer (CT) transition, which gives rise to the intense blue
lography has established that at physiological pH the coior. The 7 and o thiolate orbitals can be viewed as
coordination group is unaltered between oxidized and occupying two corners of a virtual tetragonal plaig)(

reduced proteing—7). The same coordination geometry is . . e
P &) g y Even if the trigonal Cu(ll) geometry is intrinsically stable,

also observed when metals other than Cu are bound at the . X . .
site @). the protein clearly plays a key role in preventing side

These considerations have produced the concepts of €actions. This role have been highlighted by the protein
“entatic” (9) or “rack-induced” (0, 19 states, in which the ~ €ngineering studies of He!llngaz(), who designed a blndlng
protein is seen as enforcing a high-energy coordination site o_f the correct coordlnatl_on g_eometry by site-directed
geometry on the Cu(ll) ion in order to reduce the reorganiza- mutation of a n_onmetalloprotem, th|_oredoxm. Although?Hg
tion energy and accelerate electron transfer. However, RoosPound to the site as expected,*Culid not. The absence of
any charge-transfer absorption was evidence that tié Cu
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replaced by the nine-residue loop from Pc¥7) The
resulting hybrid protein displayed spectroscopic indicators
that resembled a third type 1 protein, pseudoazurin, more
closely than Pcy.

In the present study we focus on the role of an invariant
asparagine (Asn38 in Pcy), which follows one of the ligating
histidine (His37 in Pcy) in the active site of type 1 copper
proteins. In Pcy, this asparagine residue forms three H-bonds,
which could be important in fixing the position of the
cysteine ligand, Cys84 (Figure 1%,(28. Two of these
H-bonds are formed between the Asn side chain and residue
Ser85, which is adjacent to the key ligating residue, Cys84.
It seems likely that these H-bonds play an important role in
WT securing the native conformation of the Cys84 side chain.
The third H-bond is from the Asn38 main chain NH to the
ligating S atom of Cys84. Since this H-bond affects the
electron density on the S atom, it must modulate the strength
of the Cu-S bond.

To test the role of the Asn38 side chain, we used PCR-
mediated mutagenesis to replace this asparagine with leucine,
glutamine, or threonine. Leu was chosen because it is
isosteric with asparagine but cannot form H-bonds, while
GIn and Thr were chosen because they retain H-bonding
potential but position the H-bonding moieties in different
locations. All the mutant proteins were found to decolorize
much more rapidly than the WT protein, establishing the
Ficure 1: H-bonding network of Asn38 (top). Molecular modeling  importance of the Asn side chain for maintaining the native
with Insightll (Molecular Simulation, Inc.) shows the expected local  metal binding site. The glutamine and threonine mutants were
interactions for the Gin, Thr, and Leu mutants. Energy minimization gapje enough for spectroscopic characterization; the latter
was not performed. The methionine ligand (Met92), which is - . S
pointed out of the paper, is omitted for clarity (PDB 5 Pcy). showed, unex_pectedly, behavior quite similar to Azu. Mo-

lecular modeling suggests that a stronger NH H-bond to

to anchor the cysteine onfstrand. But the desired trigonal ~ thiolate, with concomitant weakening of the-Su bond, is
coordination was still not obtained because a water molecule"®SPonsible for this behavior.
was able to expand th(-a coordmguon group. o MATERIALS AND METHODS

Thus the type 1 Cu site must (i) prevent metal ligation by
competing side chains, (i) exclude water, and (iii) inhibit Enzymes, Chemicals, Bacterial Strains, and Plasmids
thiolate oxidation by immobilizing the cysteine side chain. Restriction enzymes and ligase were purchased from New
To accomplish the protection of the active site, type 1 England Biolabs. AmpliTag Tag DNA polymerase and
proteins have evolved a rigid structure, as evidenced by theGeneAmp PCR reagent kits were purchased from Perkin-
lack of change even when the copper is removed from Elmer/Cetus. The PCR optimizing kit Optimer was purchased
plastocyanin (Pcy)1(5, 1. Presumably, this rigidity results  from Invitrogen. The GeneClean kit was bought from BIO
from a conservation of steric and electrostatic forces, but 101 Inc. The Wizard Miniprep kit was purchased from
there is currently no information on which specific interac- Promega. Low-melting SeaPlaque agarose (FMC), NuSieve
tions are critical. GTG agarose (FMC), ampicillin (Sigma), and IPTG (iso-

The availability of type 1 protein genes and expression Propyl f-thiogalactoside) (Sigma) were used as supplied.
systems provides an opportunity for systematic investigation Primers for PCR were synthesized at the DNA synthesizing
of the native interactions through site-directed mutagenesis.facility in the Department of Molecular Biology at Princeton
This technique has been exploited to explore the roles of University.
the ligating residues themselves in azurin (AZ#}20) and E. coliK strain x90 (ara", Alac-pro, nalA, argEam, rf,
Pcy 0). Remarkably the histidine ligands of Azu can be thil™ [F', lacl9, pro*] (29) was used for cloning the Pcy gene
mutated to other ligating residues9( 21, 23 and even to ~ and x90(DE3) for heterologous expression. The Pcy gene
glycine, which cannot itself ligate the metal but leaves a was cloned into pET3a withide | and BamH 1 restriction
“hole”, through which exogenous small molecule ligands can sites and placed under the control of T7 promoter gene as
bind to the C&" (21, 22. The cysteine remains bound to described by Ybe and Hect3@.
the Ci#" in all these mutants, but spectroscopic changes Mutagenesis.Mutant versions of the Pcy gene were
signal significant changes in coordination geometry. The constructed in plasmid pET3a by cassette replacement
effects of substituting the axial methionine by glutamine and mutagenesis using a cassette encoding the first 53 amino
threonine have also been investigated and varying degreescids of Pcy. This cassette is bracketed byde| site in
of tetrahedrality have been achieve®3{26). Finally a DNA encoding the initiator methionine andhdlu | site in
“loop” mutant has been produced in which the seven-residue DNA encoding residue 53. Mutant version of this cassette
loop connecting three of the ligands in amicyanin was were generated by a two-step PCR procedure (Figure 2). In
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First Phase PCR Pcy gene in pET3&30). Transformants were picked, plasmid
- DNA was isolated using a Wizard kit, and DNA was
pET3aPcy ~PIET L sequenced by the Sanger dideoxy method (N38Q)dr at
- A‘/:‘Iel — the DNA sequencing facility at Joslin Diabetes center,
primer 2 Boston, MA (N38T and N38L).
Protein Expression and PurificatioWVT and mutant Pcy
30 PCR cycles were expressed icscherichia colistrain x90(DE3) and

isolated as describe®@, 32—34). For WT Pcy, 1 mM Cu-
(I) citrate was added to the growth medium as described
previously @2). The N38Q mutant produced Pcy satisfac-
torily under these conditions, but for the N38T and N38L
mutants, the protein yield was much lower. For these
Second Phase PCR mutants, an optimal expression level was obtained with 0.1
iver 1 mM cupric citrate. A similar Cu concentration dependence
primer Miul . .
— % ¢ has been observed for the expression of pseudoazurin mutants
m—— (39).
E. coli cells were harvested by centrifugation, and plas-
tocyanin was released from the cells by three cycles of freeze/
25 PCR cycles thaw (32, 33) and dialyzed into 0.5 mM MgGlin H,0O at 4
°C until a maximum amount of blue-colored Pcy was
obtained. The protein solution was concentrated with an
Amicon centriprep and filtered through a Q& Acrodisc
(Gelman Sciences). The protein was purified by HPLC with
FiGURe 2: Scheme of the two-phase PCR reaction (see text). a POROS 20HQ anion exchange column (Perseptive Bio-
) ) ) ) _systems) as previously describ&fd,(34). Protein purity was
the first step,.the desweq mutatlons.were_mcorporated usingassessed by running samples 0r28% acrylamide Phast-
a 23-base primer spanning thelel site (primer no. 1) and  Gels run on a PhastSystem (Pharmacia) with SDS denaturing
a 21-base mutagenic primer spanning the DNA encoding pfer strips. Gels were stained with PhastGel Blue R.

residue 38 (primer no. 2); the product of the first step was ; : .
elongated in a second step of PCR using primer no. 1 and a, Sample Preparatiaror RR experiments with WT, N38Q,

. : and N38T Pcy, protein samples were exchanged to pH 6.0
58-base primer (pr_lmer no. 3) that extended the DNA 5 basesWith 20 mM Bis-Tris buffer in 150 mM NaCl and frozen
beyond theMlu | site.

Primer no. 1 has the sequenceTITAAGAAGGAG- with liquid nitrogen in a coldfinger36). For EPR experiment

o oS with WT and N38Q mutant, the samples were washed with
.ATQTA .CtATATGj (\;V'ttr? the_lt\_ldtel site ;La_\llc[zed.l;l'he ATG 5 150 mM NaCl solution in pH 6.0, 20 mM Bis-Tris buffer in
'Sn anlz tsr:eergni((:)% ferom zs'n' E ?(; g}?e 3'%”\';“% thgrggzgr?.for an Amicon concentrator (molecular weight cuteff3K) to
pgsition 28 c%anged frompGTT (Asn) to TTG (GIn), AGT remove nonspecifically bound Cu ions and then mixed with
’ 1 1 0,
(Thr), or CAG (Leu). Primer no. 3 spans from Ser53 to Phe35 glycerol to a final concentration of 10% glycerol.

with the same 3end as primer no. 2. The sequences of these  SPECtroscopic MeasurementsV —vis spectra were col-
oligonucleotides are shown in Table 1. THeeAd of primer lected with a computer-interfaced Hewlett-Packard 8452A

no. 3 extends five bases beyond e | site to facilitate ~ di0de array UV-vis photospectrometer usingl mM protein
restriction digestion. solution n a 1 mmpath length quartz cuvette at room
Reaction conditions were optimized with Optimer PCR {€mperature. Absorption coefficients of WT Pcy and N38Q
kit. For the first PCR step, each reaction contained 1 ng mutant were determln_ed by titrating 2 mL proteln_solquns
(10715 mol) of template (pET3a/PCY), 100 pmol each of (sealed in a cuvette with a septum and purged with Ar gas)
primer no. 1 and no. 2, 800 pmol dNTPs, and 2.5 units of with freshly made 1.09 mM ascorbic acid through an airtight
AmpliTaq polymerase 'in 10QlL of buffer,at pH= 95 microsyringe. Absorption changes were followed with the
containing 30 mM Tris-HCI, 7.5 mM (Nk),SQ,, and 1.75 spectrophotometer at 597 nm (for WT Pcy) or 588 nm (for

mM MgCl,. The reaction mixture was subjected to 30 cycles N38Q Pcy). T he absorptipn coefficientwas taken as the
of the following program: 95C, 1 min: 47°C, 1 min; 72 slope of the linear regression of absorbance change vs moles

°C, 1 min. Unreacted primers were removed by filtration of added ascorbic acid. ldentical conditions were used for

with a Spinfilter (Millipore Ultrafree-MAC, 30 000 NMWL). the WT and mutant proteins to facilitate direct comparison.
In the second PCR step, primer no. 1 and primer no. 3were X-band EPR spectra were taken with a Bruker ES300
used to amplify the product of the first step. Reaction X-band EPR spectrometer usingd.1 mM protein solution
mixtures contained 133 mol of temp|ate, 100 pm0| ofeach at 100 K. Parameters for recording EPR spectra were 12.5
primer' 800 pm0| of dNTPs, and 2.5 units of Amp||Taq mT/min sweep rate, 0.32 mT field modulation Width, 9.099
polymerase in the same buffer as described above. TheGHz frequency, and 4 mW microwave power.

reaction mixture was subjected to 25 cycles of the following  RR scattering was excited at 647.1 nm{Kaser Coherent-
program: 95°C, 1 min; 45°C, 1 min; 72°C, 1 min. The Innova 100-3a). RR spectra were collected with a coldfinger
final product was digested witNde | and Mlu |, purified (77 K) (36) to minimize the degradation of protein and to
with 3% NuSieve agarose gel or filtration with Spinfilter improve resolution. Raman scattering was dispersed with
(Millipore) and cloned into th&del and Mlu | sites of the either a Spex1404 double monochromator or a Spex1877

Ndel Miul
o 3 o

*

PCR product
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Table 1: Primer Sequences and Mutant Properties

Mutan Sequence of Singte Stranded DNA® Amp(m) £ (M'em?) g Ay
t

Asn38

WT
5'-CGAAAACGATGTTGTGTGGG -3' 596 4760 2.053  0.0063

Primer 2: 5CGAAAACGATTTGGTGTGGG -3'
N38Q Miul 588 2360 2.057  0.0066
Primer 3: 5'-ATCGCACGCGTCGACACCTGAAGGTATA
CTGTCTTCGTCGAAAACGATTTGGTGTGGG -
3
Primer 2: 5-CGAAAACGATAGTGTGTGGG -3'
N38T Primer 3: 5-ATCGCACGCGTCGACACCTGAAGGTATA 622 ND ND ND
CTGTCTTCGTCGAAAACGATAGTGTGTGGG
-3
Primer 2: 5-CGAAAACGATCAGGTGTGGG -3'
N38L Primer 3: 5-ATCGCACGCGTCGACACCTGAAGGTATA 596 ND ND ND
CTGTCTTCGTCGAAAACGATCAGGTGTGGG
-3

* Italic: mutated bases;
determined.

: restriction site; Amw: maximum absorption position; €: absorption coefficient; A;: hyperfine coupling consatnt; ND: not

triple monochromator and detected with an intensified substantially lower temperature;/40 °C, whereas WT Pcy

RCA31034A photomultiplier tube or with a diode array retained its color up to the onset of precipitation.

detector. These observations suggest that although the mutant
Thermal denaturation of the proteins was investigated by proteins are capable of folding into the correct global

following absorption at 597 nm (WT) or 588 nm (N38Q) as structure, the stability of the native blue copper site is

a function of temperature with a Cary spectrophotometer compromised to varying degrees by our mutations. The order

equipped with a Cary temperature controller. A protein of stability is WT > N38Q > N38T > N38L.

solution containing~0.1 mM protein in pH 6.0, 20 mM Tris- Spectroscopic PropertiesThe mutants all displayed
HCI buffer, in a 10 mm cuvette covered with mineral oil, absorption bands near 600 nm (Figure 3, Table 1), but the
was heated from 30 to 80C, at a rate of 0.5C/min. wavelength maximalgay) were variable. Interestinglyimax
Absorption was measured against a reference buffer solution= 596 nm for N38L, the same as WT Pcy. However the
which was heated along with the protein solutions. color was fleeting, and the measured absorbance-veds

of the WT absorbance. The wavelength was shorter for
RESULTS N38Q, 588 nm, and longer for N38T, 622 nm. N38Q was

stable enough to be titrated with ascorbic acid and yielded a
molar absorbance,= 2460 Mt cm™1, half that of WT Pcy
(4760 Mt cm™). It is uncertain whether this result means
mthate is halved for N38Q or that only half the sites are
occupied by Cu(ll). The absorption band was fully recovered
by ferricyanide addition, indicating that the binding site is

Construction of Mutant and Protein Expressioro test
the role of H-bonding by the Asn38 side chain, we replaced
this Asn with leucine, glutamine, or threonine. Leu was
chosen because it is isosteric with asparagine but cannot for
H-bonds, while Gln and Thr were chosen because they retain
H-bonding potential but position the H-bonding moieties in

different locations. Due to lack of appropriate restriction sites relatively stablg. Therefore, a loweredbr N38Q is possible.
in the Pcy gene around Asn38, we devised a two-step PCR Frozen solution EPR spectra of WT Pcy gave the reported

method to construct the point mutants (see Figure 2 and parameters (Table 1% was unaltered for N38Q, byt and
Materials and Methods). A were slightly elevated (Table 1). The other two mutants,

Protein Stability.The mutants are all less stable than WT gglngh;?sct:?:rliie%nd available in only small quantities, were
Pcy, which is unaffected by extended periods of storage or )

Low-temperature RR spectra were almost the same for
repeated freezethaw cycles. The N38Q and N38T mutants . )
were decolorized by storage af@ for less than 5 days or N38Q as for WT Pcy (Figure 4; Table 2), butall bands were

; .’ 4
by one freezethaw cycle. The color faded more rapidl slightly (13 cn™) lower m_frequency. However, the N38T
foyr N38T than N38Q.)/The N38L protein was isolatgd gs RR spectrum was dramatically altered (Figure 4; Table 2),

colorless protein and displayed only a transient blue color with substantially downshifted frequencies and altered

upon addition of Cu(ll) citrate. In no case could the color of inte_nsity distribution. The N38T RR spectrum Is strikingly
the mutants be restored by ferricyanide addition. similar to published spectra of azuriBg). N38L was too

The ability to develop a blue color, even transiently, is unstable to obtain a RR spectrum.
evidence that the mutant proteins are capable of acquiringDISCUSSION
the native fold. Consistent with correct global folding, the  The Asn38 side chain forms two H-bonds with Ser85; its
mutant proteins eluted from ion exchange columns with the amide NH is a donor to the Ser85 OH group, while its amide
same elution volume as the WT protein. The N38Q mutant C=0 is an acceptor to the Ser85 backbone NH (Figure 1).
precipitated upon heating to 82, the same temperature as Thus Asn38 and Ser85 form a clasp, securing the relative
WT Pcy 37). However, N38Q lost its blue color at a orientations of the adjacent His37 and Cys84 ligands to Cu.
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collected with the double monochromator under the following
conditions: spectral widtk 3 cn%; scan rate= 0.5 cnTY/s; laser
0.0081 power= 90 mW, temperature= 77 K.
. . ; ; Table 2. RR Peak Positions (cf) and Relative Intensities
500 600 700 800
WT Pcy N38Q Pcy N38T Pcy Azu(Ph)
Wavelength/nm G ~rel _rel ~rel
FiGURE 3: Absorption spectra of WT, N38Q, N38T, and N38L cm! intensity cnT® intensity cn* intensity  cnm* intensity
Pcy. 267 334 266 51.1 261 6.1 266.1 6.9
. . ) 374 660 373 612 289 9.6 286.7 10.2
The importance of this clasp is revealed by the N38L mutant, 385 648 382 550 361 15.2
whose Cé&" complex is extremely unstable. Leucine is 394 359 392 349 372 249 372.6 34.5

. C : C o 403 245 401 719
isosteric with asparagine, but its side chain is unable to form 55 1507 420 100 4055 100  400.5/408.6 100

H-bonds. 430 581 429  47.7 428  28.0 427.9 38.2
Despite this instability, the N38L mutant is capable of 440 253 439 253 443 33 441 9.0
acquiring the native fold, since a transient blue color is seen 464 461 16.0 4‘7‘26 973-1 4‘7"24-6

upon C@" addition. However, the rapid fading of the color - _

implies reduction and/or loss of €y and the failure of ~_°The strongest peak is taken as 100. For N38T and Azu, the total
. . intensity of the peak at 460408 cn! is taken as 10 Reference

ferricyanide to recover the blue color shows that the type 1 5

site is no longer intact. We infer that the cysteine has been

oxidized via Cd* reduction(39). The likely reaction is the

highly exergonic formation of disulfide: heating to~40 °C, upon storage for 5 days af€, or upon
. N a single freezethaw cycle, although the wild-type protein
2CU* 4 2RS = RSSR+ 2Cu is unaffected by these treatments. Like asparagine, glutamine

has a primary amide side chain and, therefore, has the same
H-bonding capability, but the side chain is lengthened by a
methylene group. Molecular modeling shows that the me-
thylene group precludes formation of both amide H-bonds

observed for unstable turn mutants of P8@)(and also for ~ With Ser85, but one of them (carbonyl to backbone NH) can
type | sites engineered into thioredoxi. A principal role still be attained without displacement of the backbone (Figure
of the Asn38-Ser85 clasp is therefore to inhibit internal 1). As a result, a type 1 coordination group is found which
redox inactivation by preventing motion of the Cys84 side is similar, but not identical, to the wild-type site. The RR
chain. Thiol oxidation is prevented because electron transferspectrum is nearly the same (Figure 4), but the band
produces the high-energy thiyl radical (this is the CT process frequencies are-23 cmi ' lower. The charge transfer band
which gives rise to the blue color). (Figure 3) is slightly blue shifted and appears to be only
The N38Q mutant is much more stable than N38L but is half as strong as the wild-type band. Thus thé&'Cithiolate
still labile relative to wild type. The blue color is lost upon chromophore is slightly but distinctly perturbed.

Since there is only one cysteine per plastocyanin monomer,
this disulfide bond must either link two protein chains, or
link a protein to a small molecule thiol, such as glutathione.
Intermolecular disulfide formation has previously been
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A much greater perturbation is seen for the N38T mutant. CONCLUSIONS
The CT absorption band is red-shifted by 36 nm, and the
RR spectrum is substantially altered with respect to band
frequencies and relative intensities. The absorption and RR
spectra of the N38T mutant are quite similar to those of
azurin from Pseudomonas aeruginog&8). The spectral
differences between Pcy and Azu have been previously note
and discussed}0—42). The spectra have been modeled with
a “chromophore-within-protein” normal-mode analyi8)(

It seems probable that an important factor in the differences
lies in a weakened CutS bond in azurin. The X-ray structure
gives 2.07 A for the C&S bond in Pcy %) but 2.12 A for

the corresponding bond in azurid4, 45. Although this
metric difference is within the uncertainty of protein crystal-
lography 6), the RR spectra also suggest a weakening of
the Cu-S bond in azurin. The complex spectra reflect
intimate mixing of Cu-S stretching and ligand bending
coordinates:{4, 42, but since the rgsonant excited state is AckNOWLEDGMENT

S — Cu CT in character, weakening of the €8 bond

results in shifting of RR intensity into lower frequency ~ We thank Dr. Michael West for help with mutagenesis
modes, as is observed for Azu, relative to P4¥,(47. and protein purification procedures.

The Cu-S weakening in Azu has been suggested to result
from an extra axial interaction with a backbone carbonyl REFERENCES
group, located 3.11 A from the C43). However, we call 1. Sykes, A. G. (1990%truct. Bonding (Berlin) 75175-224.
attention to another mechanism namely modulation of the 2. Sykes, A. G. (1991Adv. Inorg. Chem. 36377—408.

Cu-S strength by H-bond donation to the ligating S atom. 3. Ryden, L. (1984) irCopper Proteins and Copper Enzymes
In Azu, the calculated NH---S distance (Figure 1) is 3.30 (Lontie, R., Ed.) pp 157182, CRC Press, Boca Raton, FL.
A (44), compared to 3.41 A in Pcyp). The stronger H-bond g' Adman, E. T. (1991Rdv. Protein Chem. 42145-198.
6.

Site-directed mutagenesis reveals the critical importance
of intermolecular H-bonds adjacent to the binding site of
type | Cu proteins. The side chain of Asn38 adjacent to the
Cu ligand His37 forms a pair of H-bonds with Ser85, which
dis adjacent to the sulfur ligand at Cys84. The importance of
this clasp is supported by the conservation of residue 85 as
serine or threonine in all type | Cu proteir®.(Elimination
of these H-bonds does not prevent protein folding but greatly
destabilizes the Cu site and facilitates alternative reactions
of the C#*-bound thiolate. In addition, the H-bond from
the asparagine mainchain NH to the ligating thiolate modu-
lates the strength of the €& bond. Thus H-bonding is one
of the factors 29) that preserves the integrity of the type 1
site even if the coordination group is not intrinsically unstable
on electronic groundsle, 48.
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formation of a H-bond to Ser85 would require the backbone g Church, W. B., Guss, J. M., Potter, J. J.. and Freeman, H. C.
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concomitantly toward Cys84. Indeed, molecular modeling 9. Williams, R. J. P. (1995fur. J. Biochem. 234363-381.
(Figure 1) reveals that the Thr38 OH can accept an H-bond 10-8:234‘1 HZ-ZBdéESgQMNmStm B. G. (1983)Comments Inorg.
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