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Abstract: In an effort to prepare selective and efficient catalysts for ester and amide hydrolysis, we are designing
systems that position a coordinated metal ion within a defined protein cavity. Here, the preparation of a protein-
1,10-phenanthroline conjugate and the hydrolytic chemistry catalyzed by this construct are described. lodoacetamido-
1,10-phenanthroline was used to modify a unique cysteine residue in ALBP (adipocyte lipid binding protein) to
produce the conjugate ALBP-Phen. The resulting material was characterized by electrospray mass spectrometry,
UV/vis and fluorescence spectroscopy, gel filtration chromatography, and thiol titration. The stability of ALBP-
Phen was evaluated by guanidine hydrochloride denaturation experiments, and the ability of the conjugate to bind
Cu(ll) was demonstrated by fluorescence spectroscopy. ALBP-Phen-Cu(ll) catalyzes the enantioselective hydrolysis
of several unactivated amino acid esters under mild conditions (pH 6.1CP%t rates 32280-fold above the
background rate in buffered aqueous solution. In 24 h incubations 0.70 to 7.6 turnovers were observed with
enantiomeric excesses ranging from 3&&4o 86%ee ALBP-Phen-Cu(ll) also promotes the hydrolysis of an aryl
amide substrate under more vigorous conditions (pH 6.2C37t a rate 1.6< 10*fold above the background rate.

The kinetics of this amide hydrolysis reaction fit the Michaelidenten relationship characteristic of enzymatic
processes. The rate enhancements for ester and amide hydrolysis reported héreldfdder than those observed

for free Cu(ll) but comparable to those previously reported for Cu(ll) complexes.

Introduction advantage of a substrate binding site present in the starting
enzyme, their specificities are often limited to structures that
Enzymes perform chemical reactions with high specificity bind to the native enzyme. This is a significant impediment
and rate enhancement in aqueous media at low temperaturesor the development of catalysts with new specificities.
and neutral pH. These features have made these catalysts Our design for the development of new catalysts is based on
attractive for a variety of purposes in medicine and industry. the use of a protein cavity that can accommodate a variety of
However, the use of naturally occurring enzymes is restricted sypstrate$? By introducing catalytic functionality into the
by their inherent specificity. To circumvent this limitation, the  constrained environment of the cavity it should be possible to
development of artificial enzymes has received considerable jmpart selectivity to chemical reactions occurring within.
attention. One approach for the design of new enzymes is to pifferent specificities and reactivities could then be optimized
modify a known protein or enzyme at a defined site with a by mutagenesis of particular cavity residues. A key requirement
cofactor or new functional group to create a semisynthetic for constructing this type of system is the availability of a
system with novel propertiés® A number of such constructs  syitable protein cavity. In this regard, adipocyte lipid binding
have been prepared resulting in a new generation of “enzyme-protein (ALBP) is an excellent candidate. ALBP is a small,
like” catalysts!! However, since most of these systems take 131 amino acid, protein that possesses a 600akity formed
from two orthogonal planes of antiparall@isheet secondary
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acid binding proteing* Recently, a structure of a similar protein

complexed with palmitate was determined using NMR meth-
ods?® All of these tertiary structures are quite similar despite
their highly divergent primary sequences. This is important
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Figure 1. Stereoview of model of ALBP-Phen.

because it suggests that most of the cavity residues are amenableatalyzes the enantioselective hydrolysis of sevamattivated

to substitution. Indeed, a number of mutagenesis studies haveamino acid esters; these include methyl, ethyl, and isopropyl

been carried out with ALBP and related fatty acid binding esters of the amino acids alanine, tyrosine, and serine. Enan-

proteins resulting in very little change in the overall structi§re.  tioselectivities as high as 86&eand catalysis with as many as
Transition metal complexes catalyze a diverse array of 7.6 turnovers in 24 h have been obtained. The hydrolysis of

chemical reactions. The ligand system 1,10-phenanthroline hasan aryl amide substrate and an aryl ester are also described.

been attached to a number of proteins to perform oxidative

chemistry!” Cupric ions, Cu(ll)-phenanthroline, and related Results

metal-igand systems have also been shown to promote the preparation of ALBP-Phen. ALBP-Phen @) was prepared
hydrolysis of esters and amides resulting in rate enhancements,y reacting iodoacetamido 1,10-phenanthroliiewith ALBP
10°—10P-fold above the background rat&?0 Based onthese 4t ambient temperature for 48 h as shown below. The extent
precedents, we decided to investigate the hydrolytic chemistry of reaction with Cys,; was quantitated by thiol titration with

catalyzed by copper phenanthroline within the ALBP cafty.  g|iman’s reagent under denaturing conditions. Using this
In the work described here, we have attached a phenanthroline

ligand to a unique cysteine residue present in the interior of '/YO ALBP-S (o}
ALBP in order to position a Cu(ll) ion within the protein cavity. NH i NH
The resulting semisynthetic metalloprotein, ALBP-Phen-Cu(ll) Z ALBP-SH Z
N —_—_——

(15) Hodsdon, M. E.; Ponder, J. W.; Cistola, D.J?Mol. Biol. 1996 N | \N
264, 585-602. Ne N
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Natl. Acad. Sci. U.S.AL99Q 87, 2882-2886. (d) Francois, J. C.: Behmoaras, ALBP-Phen was purified by gel filtration chromatography to

T. S;; Chassignol, M.; Thuong, N. T.; Sun, J. S.; HeleneBiochemistry remove unincorporatetl, and the resulting protein was char-
1988 27, 2272-2276. (e) Sigman, D. SAcc. Chem Re<.986 19, 180 acterized by a number of spectroscopic and physical methods

186. (f) Sigman, D. S.; Bruice, T. W.; Mazumder, A.; Sutton, CAlcc. - - . .
Chem Res1993 26, 98-104. sumarized in Table 1. Figure 2 shows the UV/vis spectra of
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Table 1. Properties of ALBP and ALBP-Phen

property ALBP ALBP-Phen
titratable thiols (from DTNB titration) 0.95 thiol/mol 0.10 thiol/mol
molecular mass (from electrospray MS) 14,541459.75 Da 14777.04 2.78 Da
Amax € (from UV/vis spectroscopy) 280 nm, 17 mMcm? 274 nm, 29 mhtt-cmt
molecular mass (from gel filtration) 19 600 Da 18 900 Da
denaturation midpoint ([guanidindCl]) 1.4M 12M
| i I 12 | | | .
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Figure 2. UV/vis spectra of ALBP, ALBP-Phen, and phenanthroline:  Figure 4. Gel filtration molecular mass analysis of ALBP-Phem@) (
(A) spectrum of ALBP (6.5uM); (B) spectrum of ALBP-Phen (6.5  standards,4) ALBP, and () ALBP-Phen.
uM); (C) spectrum of 1,10-phenanthroline, and (D) difference spectrum

of ALBP-Phen minus ALBP. 1.2 L . .
L 1 | 1 P
k A) ALBP 3
--------- EB; ALBP-Phen § 0.8+ B
O
g $ o6- L
5 3
:
i 5 0.2 L
.g 1 o o]
i 04 e ALBP
& o  ALBP-Phen
o 1 2 3 4
: | : [Gd-HCT] (M)
300 35(\)/\/ I400h 450 500 Figure 5. Guanidine hydrochloride denaturation profiles for ALBP
avelongth (nm) and ALBP-Phen obtained by fluorescence spectrosco®): ALBP

Figure 3. Fluorescence emission spectra of ALBP and ALBP-Phen: and (©) ALBP-Phen.

(A) spectrum of ALBP (1.Q«M) and (B) spectrum of ALBP-Phen (1.0 )
uM). Spectra were obtained by excitation at 275 nm. parable folded structures; no large perturbations of the ALBP

structure occur upon alkylation with It should be noted that
ALBP results in a shift ifmaxfrom 280 to 274 nm accompanied  the masses for both proteins obtained by gel filtration chroma-
by a substantial increase in extinction. Subtraction of these two tography differ from those determined by mass spectrometry
spectra leads to a difference spectrum (D) that is similar to the and denaturing electrophoresis (data not shown). These dif-
spectrum of unsubstituted 1,10-phenanthroline (C). Figure 3 ferences most likely reflect the extended, larg¢iysheet
shows fluorescence emission spectra for ALBP (A) and ALBP- secondary structure of ALBP that differs from the more compact
Phen (B). An emission maximum at 406 nm appears only in globular proteins typically used to standardize gel filtration
the spectrum of ALBP-Phen and can be attributed to the chromatography experiments. As shown in Figure 5, denatur-
phenanthroline fluorophore. It is also interesting to note that ation experiments monitored by fluorescence spectroscopy using
the tryptophan fluorescence centered at 340 nm in ALBP is guanidinium chloride as a denaturant were perfomed to estimate
substantially reduced in ALBP-Phen; this is likely due to the effect of phenanthroline attachment on protein stability.
quenching by the phenanthroline. Additional evidence for ALBP and ALBP-Phen gave values of 1.4 and 1.2 M,
phenanthroline attachment derives from electron spray ionizationrespectively, for their denauration midpoints indicating that
mass spectrometry. Spectra obtained from samples of ALBP conjugation of ALBP with phenanthroline does not result in
and ALBP-Phen gave masses of 14 541.59.¢5) Da and any large destabilization of the protein. Finally, it should also
14 777.04 £2.78) Da, respectively. These results give an be noted that titration of ALBP-Phen with the fluorescent fatty
observed mass difference of 235.45 Da that is in close agreementcid analogscis-paranaric acid and 12-anthroloxyoleic acid
with the calculated mass difference of 235 Da attributable to indicate that the conjugate lacks the ability to bind fatty acids.
the phenanthroline moiety. Gel filtration chromatography was These results are similar to those observed by Bernlohr and co-
performed on samples of ALBP and ALBP-Phen under non- workers who have previously reported that modification of
denaturing conditions, and the apparent masses of the proteinsCys;17 with a number of agents greatly attenuates fatty acid
were estimated by comparing their elution volumes with those binding to ALBP14cd
from a set of standard proteins (Figure 4). ALBP and ALBP-  Copper Binding to ALBP-Phen. The binding of Cu(ll) to
Phen gave masses of 19 600 and 18 900 Da. The similarity of ALBP-Phen was first examined by fluorescence measurements.
these values suggests that ALBP and ALBP-Phen have com-As shown in Figure 6, addition of Cu(ll) to a solution containing



11646 J. Am. Chem. Soc., Vol. 119, No. 48, 1997 vida and Distefano

. L ® PhenCu
(A) Phen (1) Phen ——8— Phen-Cu/Pic
1 e (B)PhenCu [ e (2) Phen-Cu W Phen
— — - (3) Phen-Cu/Pic [m] Phen-Cu/EDTA

A 1__;8

Relative Fluorescence

Relative Fluorescence

T T T
300 350 400 450 500
Wavelength (nm)

Relative Fluorescence at 362 nm
.

Figure 6. 1,10-Phenanthroline fluorescence quenching by Cu(ll).
Fluorescence emission spectra of (A) 1,10-phenanthroline and (B)

T T T

1,10-phenanthroline in the presence of 2 equivs of Cu(ll). 30(\)Navelgn795th (nmz;so 0 [picoﬁn;e] M) 4

| I I Figure 8. Fluorescence of 1,10-phenanthroline-Cu(ll) in the presence
(A) ALBP-Phen | of picolinic acid. (A) Emission spectra of 1,10-phenanthrolidg (
""""" (B) ALBP-Phen-Cu 1,10-phenanthroline-Cu(l12], and 1,10-phenanthroline-Cu(ll) in the
presence of 4 equivs of picolinic acid@)( (B) Fluorescence at 362 nm

of 1,10-phenanthroline-Cu(ll) in the absen® @nd presence)) of
picolinate. The fluorescence of 1,10-phenanthroline is indicate@jy (
and the fluorescence of 1,10-phenanthroline-Cu(ll) following the
addition of EDTA is given by ).

Relative Fluorescence
|

(] Phen-Cu
{1) Phen —&— Phen-Cu/Ala
--------- (2) Phen-Cu = Phen
— — - (3) Phen-Cu/EDTA [m] Phen-Cu/EDTA
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Figure 7. Phenanthroline fluorescence quenching by Cu(ll) in
ALBP-Phen. Fluorescence emission spectra of (A) ALBP-Phen and
(B) ALBP-Phen in the presence of 40 equivs of Cu(ll).

phenanthroline (A) resulted in substantial quenching of the
phenanthroline fluorescence (B). Figure 7 shows a similar
experiment with ALBP-Phen. Addition of Cu(ll) to a sample
of ALBP-Phen (A) resulted in quenching of the phenanthroline
fluorescence (B); several equivs of Cu(ll) were necessary to —o—0—6—F
drive this reaction to completion. This may reflect the fact that Ll | ro T

o . 7 ; 300 375 450 0 2
the ALBP cavity is lined with several cationic residues that are Wavelength (nm) [Ala] (UM)

|nvo_I\_/ed n fatt_y acid binding which may repel the eljtry of the Figure 9. Fluorescence of 1,10-phenanthroline-Cu(ll) in the presence
additional cations. _Treatment of ALBP-Phen _W|th Cu(l) & alanine. (A) Emission spectra of 1,10-phenanthroliag (,10-
followed by gel filtration to remove unbound metal ions resulted phenanthroline-Cu(ll)2), and 1,10-phenanthroline-Cu(ll) in the pres-
in a sample whose phenanthroline fluorescence remainedence of excess EDTA3). (B) Fluorescence at 362 nm of 1,10-
qguenched upon prolonged storage and suggested that Cu(ll)phenanthroline-Cu(ll) in the absend®)(and presence (m) of alanine.
remains bound and is not subject to loss over several weeks.The fluorescence of 1,10-phenanthroline is indicatedmy &nd the
Although the above experiments suggested that Cu(ll) fluorescence of 1,10-phenanthroline-Cu(ll) following the addition of
remained bound to ALBP-Phen for prolonged periods of time EDTA is given by ().
in the absence of competing ligands free in solution, it was also
important to analyze the stability of this complex in the presence that titration of phenanthroline-Cu(ll) with alanine results in
of exogenous ligands. Thus the phenanthroline-Cu(ll) and only a small return in phenanthroline fluorescence even after
ALBP-Phen-Cu(ll) complexes were examined in the presence the addition of several equivalents. Thus, alanine is less
of EDTA, picolinic acid, and alanine. Additon of EDTA to  effective than picolinic acid at removing the Cu(ll) from
solutions of phenanthroline-Cu(ll) and ALBP-Phen-Cu(ll) Phenanthroline.
resulted in the return of phenanthroline fluorescence indicating Experiments similar to those described above were also
that Cu(ll) was being removed by this powerful chelating agent performed with samples of ALBP-Phen-Cu(ll). However, in
(data not shown). In contrast, addition of picolinate or alanine these cases, significantly different results were obtained. Ti-
gave significantly different results. As shown in Figure 8A, in tration of ALBP-Phen-Cu(ll) with picolinic acid, shown in
PIPES buffer (pH 6.1), the fluorescence of phenanthroline is Figure 10A, results in a decrease in the protein fluorescence at
quenched by Cu(ll), but this effect can be partially reversed by 336 nm, but no change in the phenanthroline fluorescence at
the addition of picolinate. As shown in Figure 8B, titration of 406 nm. In fact, Figure 10B shows that the 406 nm fluorescence
phenanthroline-Cu(ll) with up to 4 equivs of picolinate results does not increase even after the addition of 4 equivs of picolinate
in the return of approximately half of the phenanthroline although there is an immediate increase upon addition of EDTA.
fluorescence. These results are in contrast to those obtainedlhe decrease in protein fluorescence at 336 nm suggests that
with EDTA shown in Figure 9A. Clearly, picolinate is less picolinic acid is binding to the protein although the nature of
effective than EDTA at removing the Cu(ll). Figure 9B shows this complex remains undefined; picolinate may or may not be

Relative Fluorescence
1
Relative Fluorescence at 362 nm




A Semisynthetic Metalloenzyme J. Am. Chem. Soc., Vol. 119, No. 48, 196847

—@— Fluor336 nm
—&—— Fluor 406 nm

—@—— Fluor336 nm
—&—— Fluor 406 nm

(1) ALBP-Phen-Cu

(1) ALBP-Phen-Cu

--------- (2) ALBP-Phen-Cu/Pic B Fluor 336 nm (WEDTA) -e--e---- {2) ALBP-Phen-Cu/Ala u Fiuor 336 nm (W/EDTA)
— — - (3) ALBP-Phen-CwEDTA O  Fluor 406 nm (WEDTA) — — - (3) ALBP-Phen-CWEDTA O  Fluor 406 nm (W/EDTA)
A B A B
@ o ¢ o @
S A e 7 g1 A g 9o o
@ . [ ) [ ]
o !
g | [ g g0 g
s | j N s | s | 5 |
w ;A i [ o
£ 2 £ 2
5 | 5 x 5 i
[:}] - ™ [}
g oA~ | 2 3 g - R
\ ¢ —6 N b—o——o0——06—=0
T T T T T T T T T T T T
300 375 450 0 10 20 300 375 450 0 10 20
Wavelength (nm) [Picolinate] (uM) Wavelength (nm) [Ala] M)

Figure 10. Fluorescence of ALBP-Phen-Cu(ll) in the presence of Figure 11. Fluorescence of ALBP-Phen-Cu(ll) in the presence of
picolinic acid. (A) Emission spectra of ALBP-Phen-Cu(I1)(ALBP- alanine. (A) Emission spectra of ALBP-Phen-Cu(ll),(ALBP-Phen-
Phen-Cu(ll) in the presence of 4 equivs of picolinic adjj &nd ALBP- Cu(ll) in the presence of 4 equivs of alanir®,(and ALBP-Phen-Cu-
Phen-Cu(ll) in the presence of excess EDT) (B) Fluorescence at (I1) in the presence of excess EDTA)( (B) Fluorescence at 336 nm
336 nm @) and 406 nm®) of ALBP-Phen-Cu(ll) in the presence of (@) and 406 nm@©) of ALBP-Phen-Cu(ll) in the presence of alanine.
picolinate. The fluorescence at 336 ni) @nd 406 nm({) of ALBP- The fluorescence at 336 nrll and 406 nm[{) of ALBP-Phen-Cu-
Phen-Cu(ll) upon the addition of excess EDTA. (I) upon the addition of excess EDTA.

bound to Cu(ll). Nevertheless, it is clear that Cu(ll) remains 25 ! ! ! !
bound to the phenanthroline in the presence of excess picolinate. o ALBP-Phen-Cu
Similar results were obtained upon titration of ALBP-Phen-Cu- 204 —a— Bkg -
(1) with alanine. As shown in Figure 11A,B, a small diminution s
in the 336 nm fluorescence is observed upon addition of alanine, = 157 -
but no increase in 406 nm fluorescence occurs. Thus, in contrast 3
to phenanthroline-Cu(ll), ALBP-Phen-Cu(ll) does not appear g 104 -
to release Cu(ll) in the presence of picolinate or alanine. 2

Activated Ester Hydrolysis. With a well characterized 5 N
conjugate in hand, the ability of ALBP-Phen-Cu(ll) to hydrolyze
an activated ester substrate was examined; the bidentate ligand/ 0

T T T
0 30 60 90 120 150

Time (min)
Figure 12. Hydrolysis of PNPE ) by ALBP-Phen-Cu(ll) and Cu-
(). Concentration ofp-nitrophenol B) produced by 1«M ALBP-
Phen-Cu(ll) ©), 10 uM Cu(ll) (®) or buffer alone 4).

substrate picolinic acid nitrophenyl ester (PNPE) was employed
in this study since the production of nitrophen6) could be
followed spectrophotometrically. Hydrolysis reactions were

=z z l
X l (o} ), OH HO . .
N O\ H N \©\ acid substrates were studied next. These compounds also
0 +
° NO NG,
5

X —Hz%— allowed the enantioselectivity of hydrolysis catalyzed by ALBP-
"255('3 Phen-Cu(ll) to be assessed; data for these experiments are
3 (PNPE) ALBP-Phen-Cu(ll) 4
NH, NH,
performed with exces8 in PIPES buffer, pH 6.1, at 25C. OR' H,0 /\(OH ,
Incubation of ALBP-Phen-Cu(ll) witt8 resulted in the hy- R pH 6.1 R + R-OH

o 25°C (o]

drolysis of of at least 2 equivs &in 2 h. As shown in Figure
ALBP-Phen-Cu(ll)

12, the rate of hydrolysis for the ALBP-Phen-Cu(ll)-containing
reaction is 5-fold greater than the background hydrolysis rate 6a R=CHj, R'=CH,3
and is linear ove6 h (6turnovers, data not shown). In contrast, 6b R =CH,, R'= CH,CH,

. . L . 6c R=CHj, R = (CHj),CH
Figure 12 also shows that reactions containing free Cu(ll) give 8a R =HOCgHsCH,, R' = CH,
biphasic progress curvé® In the early part of the reaction, 1 8b R =HOCeH,CH,, R' = CHCH,
equiv of3is hydrolyzed rapidly. This is followed by a decrease 10 R=HOCH,, R'=CH,
in the hydrolysis rate to that of the background rate. The rapid
phase of the reaction is likely due to the hydrolysiSdfound tabulated in Table 2. Hydrolysis reactions were performed with
to free Cu(ll), while the slow phase is attribuable to hydrolysis racemic amino acid esters in PIPES buffer, pH 6.1, af@5
of 3 promoted by a picolinate-Cu(ll) complex or simply and monitored by derivatizing the amino acid products with
background hydrolysis. Thus, these experiments demonstrateo-phthaldialdehyde anhl-acetyl+-cysteine. The resulting di-
that ALBP-Phen-Cu(ll), but not free Cu(ll), can promote the astereomers were separated by reversed phase HPLC and
catalytic hydrolysis of PNPE with a modest (5-fold) increase quantified by fluorescence detecti&h.A chromatogram show-
in rate relative to background. However, beacause of the high ing the separation of the two diastereomeric alanine derivatives
rates for the background reaction, this substrate was not studieds shown in Figure 13A. Reaction of ALBP-Phen-Cu(ll) with
further. - - -

Stereoselective Ester Hydrolysis.To obtain a lower rate (b)(ZB?J)C%)FL\! 'mr?{rm&'gﬁ S}T_t]é’CTrJ]'r(?n?;?(%?tfgé%g?gfg251_62%},1.7(3
for background hydrolysis, unactivated alkyl esters of amino Koh, J. T. L. D.; Breslow, RJ. Am. Chem. S04994 116, 11234-11240.

7 R=CH,

9 R =HOCH,CH,
11 R=HOCH,
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Table 2. Kinetic Data for the Hydrolysis of Amino Acid Esters Catalyzed by ALBP-Phen-Cu(ll)

vida and Distefano

temp  turnovers Keate) Keat) Kearm) Kuncat Keat(ry
substrate (°C) (n) ee (%) (M~1s™) (M~ts™) (M~ts™) (M~1s™) ncat
Ala-OMe,3a 25 55 67+ 6.0 85%2.9)x 1® 42&E1.6)x 108  51x 10 7.5 *1.5)x 10 68
Ala-OEt, 3b 25 3.0 40+ 5.0 83@E2.1)x 1 1.9#0.43)x 160 2.8x 10® 2.7(&0.23)x 10t 110
Ala-OiPr,3c 25 1.3 86+ 9.0 88{5.3)x 100  1.2(&0.38)x 100 1.2x 10° 0.93&2.3)x 100 130
Tyr-OMe,5a 25 7.6 39+ 4.0 21@0.34)x 100 4.9H0.48)x 160 7.0x 10®° 2.5(0.31)x 100 280
Tyr-OMe,5a 15 1.3 7920 1.2#0.18)x 1 1.1 (#0.03)x 100 1.2x 10° 1.9 (*0.31)x 100 61
Tyr-OMe, 5a 4 0.70 86+ 8.0 4.4@2.7)x 100 6.0&0.03)x 1* 6.4x 10? 1.5(0.08)x 100 44
Tyr-OEt, 5b 25 0.70 3411 23@0.71)x 1* 43 (*0.71)x 1 6.6x 10 2.1(#0.11)x 100 32
Ser-OMe 7 25 2.3 43+1.3 15@0.02)x 10°0 6.2 (+0.19)x 1 2.1x 10° 4.4 (+0.34)x 100 48
PMNA, 9 37 0.7 3.6x 1# 2.3x 102 1.6 x 10
0.4 Ko
A ALBP-Phen-Cu(ll)+ este= ALBP-Phen-Cu(lljester
D-Ala (1)
0.3
R L-Ala _ _ keam)
2 2 ALBP-Phen-Cu(lljester+ OH™ ——
g 0.2 2 ALBP-Phen-Cu(ll)+ acid (2)
S k]
- h In this mechanism, an ester substrate binds to ALBP-Phen-Cu-
017 (I1) to form a complex that then reacts with OHo form the
acid product. Using a rapid equilibrium approach, the following
0 et equation for the rate can be written
22 23 24 25 0 10 20 30
. ﬁme(min) o Time (h) o dlacidl, KeatrALBP-Phen-Cu()][ester][OH]
Figure 13. Hydrolysis of a racemic mixture of alanine isopropy! ester dt Ko + [ester]

is selective for the. enantiomer. Panel A: Reversed-phase HPLC

chromatogram showing the separation of diastereomeric derivatives __, . . . - .
prepared from a racemic mixture of alanine. Panel B: Rates of This expression can be simplified when [ester]<o. Given

hydrolysis of the two enantiomers of alanine isopropyl ester catalyzed the concentration of ester present in these reactions (1 mM)
by ALBP-Phen-Cu(ll). and the known dissociation constants for Cu(ll) amino acid ester
complexes (ca. 1060M), this is a reasonable assumptfThus

alanine ethyl ester6p) over a 24 h period gave a linear rate (3) can be reduced as follows:

for the production of alanine; after 24 h the conjugate had d[acidl

catalyzed the hydrolysis of 3 equivs of the ester substrate. L T eat

Interestingly, modest stereoselectivity was observed in this dt

reaction. TheL enantiomer was hydrolyzed 2.3 times faster

than thep isomer. Better selectivity was obtained with the

bulkier substrate alanine isopropyl estéc)( In this case the

L enantiomer was hydrolyzed 13 times faster (see Figure 13B)

than thep isomer with 1.3 equivs of alanine produced in 24 h.

The corresponding enantiomer of alanine methyl estegaf

was hydrolyzed 5 times faster than theester and produced

5.5 equivs of alanine in 24 h. Other amino acid esters can be ©6)

hydrolyzed by ALBP-Phen as well. Theisomer of tyrosine

ethyl ester §b) was hydrolyzed 1.9 times more rapidly than  an equation for the background reaction rate can also be written

the b enantiomer; in this case 0.7 equivs were hydrolyzed in

24 h. TheL enantiomer of tyrosine methyl est@&aj underwent dlacid]
dt

= Kearr{ALBP-Phen-Cu(Il)][OH] (4)
The termkcayT) can be viewed as the sum of the rate constants
for the hydrolysis of the two enantiomeric amino acid esters

kcat(T) = kcat(D) + kcat(L) )
The uncatalyzed background reaction is shown below

ncat

ester+ OH™ ku—» acid

Kuncal€Ster][OH'] ()

hydrolysis 2.3 times faster than tleenantiomer giving 7.6
equivs of tyrosineq) in 24 h. This selectivity increased at lower
temperature. At 18C, theL enantiomer oBa hydrolyzed 8.6 Using egs 4, 5, and 7, the second order rate constants for amino
times faster than the isomer, and at 4C the selectivity for acid ester hydrolysis in the presence and absence of ALBP-
the L enantiomer increased to 14-fold above that for the = Phen-Cu(ll) were calculated and are listed in Table 2. Values
enantiomer. However, this increase in selectivity was ac- for keayr)range from 6.4< 10°—7.0 x 10* M~1:s7%, while kuncat
companied by a decrease in overall conversion. At@51.3 values vary from 9.3 to 75 M-s1. Calculation of the ratio
equivs of8awere hydrolyzed, and at& only 0.7 equivs were  KeatryKuncatfor the various amino acid ester hydrolysis reactions
hydrolyzed. Serine methyl este9d) was also hydrolyzed by  gives values ranging from 32 to 280 and provides an indication
ALBP-Phen, but with the opposite stereoselectivity. In this case, of the relative rate enhancement resulting from the ALBP-Phen-
2.3 equivs oPawere hydrolyzed in 24 h by the conjugate with  Cu(ll) catalyst.
the D enantiomer reacting 2.4 times more rapidly than the Amide Hydrolysis. The ability of ALBP-Phen-Cu(ll) to
isomer. Interestingly, all attempts to hydrolyze valine esters hydrolyze amide bonds was examined next using the substrate
were unsuccessful with no reaction being observed for either picolinic acid nitromethyl anilide (PMNA12). This compound
the methyl, ethyl, or isopropyl esters. producesN-methyl-4-nitroaniline (MNA,13) upon hydrolysis

The rates for ester hydrolysis reactions catalyzed by ALBP- Which can be monitored spectrophotometrically at 400 nm.
Phen-Cu(ll) were next analyzed using the kinetic scheme shown (24) See: Nakon, R.; Rechani, P. R.; Angelici, RJ.JAm. Chem. Soc.
below 1974 96, 2117-2120, and references therein.
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Figure 14. Rate versus substrate concentration profile of ALBP-Phen-
Cu(ll) promoted PMNA hydrolysis. Saturation kinetics is observed with
ALBP-Phen-Cu(ll) ©), while the background rate of PMNA hydrolysis
(®) increases linearly with increasing concentrations of PMNA.
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Figure 15. Double reciprocal analysis of ALBP-Phen-Cu(ll) promoted
PMNA (12) hydrolysis. Plot of the reciprocal of the initial rate of NMA
(13) formation (1/v) versus the reciprocal of [PMNA] (1/[S]) catalyzed

by ALBP-Phen-Cu(l).
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ALBP-Phen-Cu(ll) was incubated with PMNA in PIPES bulffer,
pH 6.1, at 37°C, and the rate ofN-methyl-4-nitroaniline
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Discussion

The conjugate ALBP-Phen was prepared by alkylation of a
unique cysteine residue (Gyg from ALBP with iodoaceto-
mido-1,10-phenanthroline. Thiol titration data confirms that
Cysi17 has been modified. UV/vis spectroscopy, fluorescence
measurements, and electrospray mass spectrometry indicate that
a covalently bound phenanthroline moiety is present. Gel
filtration and guanidine denaturation experiments suggest that
the overall ALBP structure remains intact. Fluorescence and
UV/Vis measurements are consistent with Cu(ll) bound to the
phenanthroline. Taken together, these data provide compelling
evidence for the preparation of the desired conjugate, ALBP-
Phen.

The conjugate ALBP-Phen-Cu(ll) provides a metal binding
site within a well defined protein cavity. This sequestered Cu-
(Il) ion catalyzes the hydrolysis afnactvatedesters and amides
at neutral pH. A possible mechanism for ALBP-Phen-Cu(ll)
promoted ester hydrolysis is shown below. This mechanism is
presented only to give a picture of what may be occurring with
ALBP-Phen-Cu(ll); alternative mechanisms can be envisioned.
For ester substrates, several amino acid esters including alanine,

serine, and tyrosine can be hydrolyzed. Howeverftbeanched
amino acid valine ethyl ester is not a substrate. In all cases the
hydrolytic reactions are stereoselective and produce Lthe
isomers (except for serine) with modest selectivity. The
selectivities obtained depend on the amino acid and type of
alkoxy group present in the substrate; the enantioselectivity for
alanine isopropyl ester hydrolysis is much greater than that for
the corresponding ethyl ester (40% versus 888 Efficient
hydrolysis of tyrosine methyl ester occurs at temperatures as
low as 4°C which results in a concomitant increase in selectivity
(39% ee at 25°C, 86%eeat 4 °C). The second order rate
constants for ester hydrolysikt) vary from 6.4x 10?>—7.0

production was determined. These experiments demonstratedx 10° M~*s™! (Table 2) and are comparable to those observed

that ALBP-Phen-Cu(ll) was capable of hydrolyzing an aryl
amide bond. It should be noted that only low levels of

by Angelici and co-workers for Cu(ll) promoted glycine methyl
ester hydrolysis. Specifically, the values kg n reported here

background hydrolysis were observed using ALBP instead of are less than those obtained by Naledral. with uncomplexed

ALBP-Phen-Cu(ll) as a catalyst. Analysis of initial rate data
at various PMNA concentrations, illustrated in Figure 14, shows
that ALBP-Phen-Cu(ll) catalyzed PMNA hydrolysis exhibits
saturation kinetics, while the background rate of PMNA
hydrolysis (which is quite low) increases linearly with increasing
concentrations of PMNA up to 200M; thus, this saturation
phenomenon is not due to a solubility effect. The ALBP-Phen-
Cu(ll) catalyzed PMNA hydrolysis is consistant with the rate
law given below

d[MNA] o, kfALBP-Phen-Cu(ll)][PMNA][OH ]
a Kp + [PMNA]

®)

A double reciprocal plot of the rate data showing this “enzyme-
like” behavior is given in Figure 15. Further analysis of these
data gave values of 70M for Kp and 360 M1-s71 for kea:
Using a published value fotncat Of 2.3 x 1072 M~1s1 a
value of 1.6x 10* was calculated for the ratikya/kunca: 1P

Cu(ll) (keatry = 7.6 x 10* M~1-s71) but higher than those
obtained with Cu(Il(nitrilotriacetic acid) Keaymy = 4.6 x 10?
M~1.s71) 1% The attenuated hydrolysis rate constants obtained
in the presence of ligands such as ALBP-Phen probably reflect
the decreased Lewis acidity of the phenanthroline-coordinated
Cu(ll) relative to that of free Cu(ll).

PMNA, an amide containing substrate, is also hydrolyzed by
ALBP-Phen-Cu(ll) although this reaction requires higher tem-
peratures (37C) and longer incubation times (several days).
The initial rates of hydrolysis exhibit saturation kinetics
consistent with enzymatic behavior. Analysis of these rate data
gave values foKp (70 uM) andk.s: (360 M~1-s71). The value
of keat Obtained with ALBP-Phen-Cu(ll) is 67-fold lower than
the corresponding value obtained with Cu{{2),2-bipyridine)
by Sayre and co-workers at 4C in EtOH/H,0 although there
is still considerable rate acceleratid@af{kyncar= 1.6 x 10%).19a
This decrease in rate may reflect a nonoptimal geometry for
PMNA binding within the ALBP cavity due to steric interac-
tions. It is also interesting to compare tkg value of 70uM



11650 J. Am. Chem. Soc., Vol. 119, No. 48, 1997 vida and Distefano

obtained with ALBP-Phen-Cu(ll) to the value fidp of “greater This is not surprising given the fact that the protein does not
than 10 mM” estimated by Reddgt al. for Cu(ll)+(2,2- contribute additional ligands or functional groups that could
bipyridine) catalyzed PMNA hydrolysi€? Clearly, the hy- participate in general acid/base chemistry; the cavity is primarily
drophobic cavity of the ALBP protein is enhancing the binding a hydrophobic, shape-selective pocket that can only control the
of PMNA to the bound Cu(ll) although not to the same extent reaction specificity. Efforts to introduce additional side chains
that it does for fatty acids since thiép values for these  via mutagenesis to modulate the reactivity and specificity are
physiologically relavent ligands are belowuM. currently underway.

An important issue related to the chemistry reported here  The selectivity and catalytic properties of ALBP-Phen clearly
concerns the question of whether or not our results can bedemonstrate that covalent modification of the ALBP cavity can
attributed to the presence of small amounts of free Cu(ll) in be used to generate a metal ion-containing hydrolytic catalyst
our reactions. We believe that this is not the case for three with enzyme-like features. Although the efficiency and selec-
reasons. First, fluorescence experiments with ALBP-Phen-Cu- tivity exhibited by this construct are significantly less than those
(1) showed that the addition of picolinate or alanine did not of naturally occurring enzymes, the ALBP cavity portends to
lead to measurable decomplexation of Cu(ll) even in the be a useful system for the development of new catalysts.
presence of excess ligand after 24 h of incubation. However, Several other conjugates have already been prepared which
it is interesting to note that, in similar experiments, picolinate perform reactions with selectivites as high as 98 Mutants
and alanine (to a small extent) were able to remove Cu(ll) from have been prepared that alter the catalytic efficiency and
free phenanthroline. Thus, the cupric ion present in ALBP- selectivity of transformations performed in the cavftyFinally,
Phen-Cu(ll) is clearly in a sequestered environment more crystals of several ALBP conjugates, including ALBP-Phen,
characteristic of protein-bound metal ions. Second, the hy- suitible for X-ray analysis have been prepared and are being
drolysis of amino acid esters reported here occured in an studied to provide a structural framework for understanding the
enantioselective manner. This would not be possible if free selectivities of reactions that have been carried out within this
Cu(ll) was the actual catalyst. For the achiral substr&em( constrained protein cavif.

12), a third line of reasoning can be considered. Initial

experiments with picolinic acid nitrophenyl est&) Showed Experimental Section

that while free Cu(ll) promoted the hydrolysis of 1 equiv of i i

substrate more rapidly than ALBP-Phen-Cu(ll), Cu(ll) did not General Instrumentation and Materials. Fluorescence measure-

. . : ments were performed with a Perkin EImer Luminescence Spectrometer
effect catalytic hydrolysis; the rate of hydrolysis dffter one LS 50B, and UV data were obtained using a Hewlett Packard Diode

turnover was close to or equal to that of the background reaction. array Spectrophotometer 8452A. lodoacetamido-1,10-phenanttfoline
This observation is consistent with results reported by other (1), picolinic acid p-nitrophenyl ester3), and picolinic acid methyl-
investigators and can be attributed to the lower reactivity of nitroanilide2(12) were synthesized according to published procedures.
the picolinate-Cu(ll) complex whose Lewis acidity has been Amino acid esters were purchased from Aldrich or were prepared from
attenuated by the negatively charged picolinate ligand. Thus, the corresponding amino acids by standard methdgiscoli JM105/

the catalytic hydrolysis oB cannot be accounted for by the PMON4 was a generous gift from Dr. D. Bernlohr, Department of
presence of free Cu(ll). Similar reasoning can be used to rule Biochemistry, University of Minnesota, Minneapolis, MN, 55455.

out the involvement of free Cu(ll) in the amide hydrolysis  Purification of ALBP. Cultures ofE. coli JM105/pMON4 were
reactions. Although catalytic hydrolysis B2 was not observed ~ 9rown in LB media (4x 1L) to an OQoof 0.8, induced with nalidixic
with ALBP-Phen-Cu(ll), it was possible to detect the hydrolysis 2¢'d: @nd grown for an additional 4 h. The cells were then harvested
of 0.7 equivs of substrate. Since decomplexation of 70% of by centrifugation, frozen in M), and stored at-80 °C unti

. purification. The frozen cell paste (21 g) was resuspended in 50 mL
ALBP-Phen-Cu(ll) would have been detected in our fluores- o hyffer A (25 mM imidazole-HCI, pH 7.0, 50 mM NaCl, 5 mM

cence experiments, this hydrolysis could not result from a large EpTA, 0.1 mM PMSF, and 1 mM 2-mercaptoethanol). The cells were
amount of free Cu(ll). However, if this reaction involved a then lysed by sonication (8C, 5 min), and the cellular debris was
trace of free Cu(ll) acting in a catalytic fashion, the active removed by centrifugation. Protamine sulfate (5 mL, 5% in Buffer A)
species would have to be a picolinate-Cu(ll) complex. As noted was added dropwise to the supernatant ¥ 4and the cloudy mixture

above, such a complex is actually less reactive in ester hydrolysiswas stirred for another 45 min. The precipitate was removed by
than ALBP-Phen-Cu(ll). centrifugation. The supernatant was titrated to pH 5.0 with sodium

final it should b inted hat the hvdrolvsi acetate (2.0 M, pH 4.9), and the mixture was allowed to stir overnight
As a final note, it should be pointed out that the hydrolysis 4 4 o The supernatant was clarified by centrifugation and was
rates described here are reported relative to the rates ofconcentrated to 7 mL by ultrafiltration (YMS3 filters, Amicon). The
background hydrolysis in the absence of Cu(ll). This was done concentrated protein solution was fractionated by chromatography
in lieu of reporting the rates relative to free Cu(ll) or phenan- employing a Sephadex G-75 Superfine column (5 gnl00 cm)
throline-Cu(ll) since the former is not present under catalytic equilibrated in buffer B (12.5 mM HEPES, pH 7.2, and 0.25 M NaCl)
conditions (after one turnover it gains a ligand), whereas the and eluted at 0.5 mL/min. The ALBP eluted after approximately 39
latter undergoes ligand exchange with the reaction products toh- The fractions contammg_ the_proteln were identified by SDS PAQE
varying extents. Moreover, since one of the goals of our work 3\/’;‘; %%T;ﬁ]r:éa;esd d%ﬁ::ﬁ,@ﬁf@%%ﬂgﬁiﬁ'gatfge?f érgg of ‘L)Jr\c/’te'”
in this area is to develop selective protein-based catalysts, the _ 1 o1y 29 y the B P sayl

0 of th f th . lvzed . h (€278 = 15500 Mt cm™).2° The purified ALBP was shown to be
ratio of the rate o the pl_’oteln-_cata yzed reaction Versus the active by its ability to bind fluorescent fatty acid anald§s.
background rate is of particular importance. The enantioselec-
tivity that can be obtained in a kinetic resolution reaction is, in  (25) Kuang, H.; Davies, R. R.; Distefano, M. Bioorg. Med. Chem.
part, controlled by this ratio. However, itis still useful to note Lett 1997 7, 2055-2060. o . '
that the rate enhancements for ester and amide hydrolysis, (26) Ory, J.; Mazhary, A.; Kuang, H.; Davies, R. R.; Distefano, M. D.;

anaszak, L. J. Submitted.
reported here are 2610° lower than those observed for free (27) Chen, C. B.; Sigman, D. ®roc. Natl. Acad. Sci. U.S.A986 83,
Cu(ll) (under single turnover conditions) but comparable to 71?77)7150(1.f ; | )
; 28) Bradford, M. M.Anal. Biochem1976 72, 248-254.

Fhose pr.eV|oust reported for . Cu(“) comp!eﬁés Thus, (29) Buelt, M. K.; Bernlohr, D. ABiochemistry199Q 29, 7408-7413.
introduction of the phenanthroline-Cu(ll) moiety into ALBP (30) Sha, R. S.; Kane, C. D.; Xu, Z.: Banaszak, L. J.; Bernlohr, DLA.

does not substantially alter the reactivity of the metal complex. Biol. Chem.1993 268 7885-7892.
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Synthesis of ALBP-Phen. A solution of iodoacetamido-1,10-
phenanthroline (100 mM) in DMF (128L) was added to a solution
of purified ALBP (53uM, 21.5 mL) in HEPES buffer (12.5 mM, pH

J. Am. Chem. Soc., Vol. 119, No. 48, 196851

parison between ALBP and ALBP-Phen, the data were scaled from O
to 1 using the relationshipres = (F — Fmin)/(Fmax — Fmin) WhereFrg
is the relative fluorescence, amGhax and Fmin are the maximum and

7.2), and the mixture was allowed to react at room temperature, in the minimum fluorescence values observed for the particular protein,

dark, for approximately 48 h. The reaction was monitored by titration
with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) in 5.2 M guanidine

respectively.
Amino Acid Ester Hydrolysis Reactions. Hydrolysis reactions

hydrochloride as described by Riddles et al. to determine the extent of contained racemic amino acid es6a; 6b, 6¢, 8a, 8b, or 10 (1 mM)

alkylation of Cys;73! Conjugation reactions were typically 85% to

and ALBP-Phen-Cu(ll) (2&M) in PIPES buffer (10 mM, pH 6.1) in

95% complete based on this assay. Following conjugation, the solution a total reaction volume of 52 and were performed in microcentrifuge

was concentrated 5-fold by ultrafiltration and purified by gel filtration
chromatography (Biogel P6-DG, Biorad) in T##CI| (50 mM, pH 7.4)

tubes at room temperature or in a thermostated water bath. At given
time points, 5.Q:L aliquots of the reaction mixture were removed and

to remove the excess phenanthroline reagent. The fractions containingquenched with 17L of H,0 and 3.QuL of 100 mM EDTA and frozen
the purified ALBP-Phen were combined and concentrated, and the at —20 °C until analysis.

concentration of the final product was determined by protein assay.
Metallation of ALBP-Phen. CuSQ (1.5 mL, 10 mM, in TrisHCI,

Derivatization. Immediately before analysis, reaction samples were
thawed, and 8.@L of the resulting material was derivatized with 8.0

50 mM, pH 7.4) was added to a solution of ALBP-Phen (1.5 mL, 150 4L of a reagent consisting ?f-acetyl+-cysteine dissolved in “Incom-

uM) in the same buffer and allowed to reactr fd h at ambient

plete o-Phthaldialdehyde Reagent Solution” (Sigma no. P7914) at a

temperature. Copper binding was confirmed by fluorescence spec-concentration of 5 mg/mL; these reagents convert enantiomeric amines
troscopy (as described below), and the unbound copper was removednto diastereomeric isoindoles. The derivatization reaction was allowed

by gel filtration chromatography (Biogel P6-DG, Biorad) in PIPES
buffer (10 mM, pH 6.1).

UV/vis and Fluorescence SpectroscopyUV/vis spectra of ALBP
and ALBP-Phen were obtained using &8 protein determined by a
Bradford protein assay in 25 mM Tris, pH 7.4. UV data for 1,10-

to proceed for 5 min at which time the sample was immediately
analyzed by HPLC.

HPLC Analysis. All reaction mixtures were separated by reversed
phase HPLC using a Rainin Microsorb-MVigZolumn (5um, 4.6 x
250 mm). Chromatography was performed by injecting all8ample

phenanthroline was obtained in the same buffer. Fluorescence spectraind eluting with a flow rate of 0.75 mL/min using a gradient of solvent

for ALBP and ALBP-Phen were obtained in 50 mM Tris, pH 7.4. To
follow ALBP-Phen metalation, the fluorescence of a solution of ALBP-
Phen (1.0 mL, 1.Q¢M) in Tris-HCI (50 mM, pH 7.4) was obtained,
and CuSQ (1.0 mM in Tris buffer) was titrated into the solution (40
uL total) until there was no further change in the phenanthroline
fluorescenceAex = 275 nm,lem = 406 Nm). The excess copper was
then removed by gel filtration (NAP 10 column, Pharmacia), and the

A (80 mM sodium citrate and 20 mM sodium phosphate, pH 6.8,
containing 10% MeOH) and solvent B (MeOH). Detection of the
isoindole derivatives was achieved using a Beckman 6300A fluores-
cence detector (356 nm excitation filter and 450 nm emission filter),
and integration was performed with a HP 3393A integrator or System
Gold software. Response factors for the diastereomeric derivatives were
obtained from calibration curves generated by derivatization and

fluorescence spectrum was again obtained. A similar procedure wasanalysis of standard solutions of racemic amino acids. For alafjne (

performed with 1,10-phenanthroline; however, only 2 equivs of CuSO

an elution profile consisting of isocratic elution with 80% solvent A

were needed to completely quench the fluorescence. Ligand competi-for 5 min followed by a 10 min linear gradient from 20% to 40% solvent

tion experiments between phenanthroline-Cu(ll) and picolinate or
alanine were performed using phenanthroline (M), Cu(OAc), (1.0
uM), and 1.6-4.0 uM picolinate or alanine in PIPES buffer (10 mM,
pH 6.1) at 25°C. Experiments with the protein conjugate contained
5.0 uM ALBP-Phen-Cu(ll) and 5.620 uM picolinate or alanine in
PIPES buffer (10 mM, pH 6.1) at Z&. Fluorescence emission spectra
from 300-450 nm were obtained by excitation at 275 nm (5.0 nm
slits for both monochrometers, 100 nm/min scan speed). After titration,
samples were incubated at 26 in the dark, spectra were recorded,
and EDTA was added to a final concentration of 50@. A final
spectrum was recorded after EDTA addition.

Electrospray Mass Spectrometry. Samples for mass spectrometry
were obtained by extensive dialysis of solutions of ALBP and ALBP-
Phen in 200 mM HEPES (1 mL, 1.1 mg/mL) againg&MeOH/HOAc
(89/10/1, vivilv), (2x 1 L). Spectra were obtained using a PE SCIEX
API [l MS/MS instrument, and the masses of ALBP and ALBP-Phen
were determined by analysis of the intensity versug data using
HyperMass software.

Gel Filtration Chromatography. Gel filtration chromatography

B and further elution with 60% solvent A was employed. Using this
system, the retention times for tbealanine and.-alanine derivatives
were 22.5 and 23.8 min, respectively. For tyrosBe#n elution profile
consisting of isocratic elution with 70% solvent A for 5 min followed
by a 5 min linear gradient from 30% to 35% solvent B and further
isocratic elution with 65% solvent A giving retention times for the
L-tyrosine and-tyrosine derivatives of 21.2 and 25.1 min, respectively.
Serine (1) was separated using isocratic conditions (10% solvent B)
with a flow rate of 0.65 mL/min. Under these conditions, thserine
andL-serine derivatives eluted with retention times of 15.8 and 17.0
min, respectively.

PNPE (3) Hydrolysis. The rate of hydrolysis of picolinic acid
p-nitrophenyl ester3) was determined by measuring the increase in
absorbance at 316 nm due to the formatiomp-wiitrophenol b). The
reactions contained ALBP-Phen-Cu(ll) or CuS@O0 «M) and PNPE
(100 uM) in PIPES buffer (10 mM, pH 6.1) and were performed in
guartz cuvettes at 28C. Absorbance values were converted to
concentrations us@a a standard curve @knitrophenol §) obtained
in PIPES.

was performed using an FPLC system (Pharmacia) and a Superose 12 PMNA (12) Hydrolysis. The rate of hydrolysis of picolinic acid

HR 10/30 column. Samples (1¢4) were eluted with 25 mM HEPES,
pH 7.5, and 150 mM NaCl at a flow rate of 0.5 mL/min at@. The
column was calibrated using bovine lung aprotinin (6500 g/mol), horse
heart cytochromec (12 400 g/mol), bovine erythrocyte carbonic

nitromethyl anilide12 (PMNA) was determined by measuring the
increase in absorbance at 400 nm due to the formatidd-wiethyl-
4-nitroaniline 3). The reactions contained ALBP-Phen-Cu(ll) (4.8

uM) and PMNA (20uM—2 mM) in PIPES buffer (10 mM, pH 6.1)

anhydrase (29 000 g/mol), and bovine serum albumin (66 000 g/mol) and were performed in microcentrifuge tubes in a°87water bath.

as standards.

At various times the solutions were removed from the water bath and

Protein Denaturation Experiments. The denaturation of ALBP equilibrated to room temperature and the absorbances at 400 nm were
and ALBP-Phen was followed spectrofluormetrically by monitoring measured. The rate of background hydrolysis of PMNA was deter-
the emission maximum upon excitation at 280 nm (5.5 nm excitation mined from similar experiments performed in the absence of ALBP-
slitwidth, 7.5 nm emission slitwidth) in a cuvette thermostated to 25 Phen. Additional control experiments used ALBP or 4M CuSQ..
°C. Samples contained ALBP or ALBP-Phen (M), Tris-HCI (50 Absorbance values fdt-methyl-4-nitroaniline in PIPES were converted
mM, pH 7.4), EDTA (0.1 mM), and guanidinium chloride«{6.0 M). to concentrations using a value @fo = 17 600 M*-cm™* calculated
Data were fitted to a two state model, previously used for lipid binding from a standard curve obtained in PIPES. All reactions were performed
proteins, described by Frieden and co-workérslo facilitate com- in duplicate and the data averaged.

(31) Riddles, P. W.; Blakeley, R. L.; Zerner, Blethods Enzymol983
91, 49-59.

(32) Ropson, I. J.; Gordon, J. |.; Frieden, Biochemistry199Q 29,
9591-9599.
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Note Added in Proof. X-ray crystallographic analysis of
the structure of ALBP-Phen indicates that the phenanthroline JA970820K



