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Native Carboxypeptidase A in a New Crystal Environment Reveals a Different
Conformation of the Important Tyrosine 248
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ABSTRACT. Native carboxypeptidase A has been crystallized in a new crystal form, and the structure has
been refined with X-ray data to 2.0 A resolution. In contrast to the previously published structure [Rees,
D. C., Lewis, M., and Lipscomb, W. N. (1983. Mol. Biol. 168 367—387], no active-site amino acids

are involved in the crystal packing. The important Tyr248 is stabilized inside the active site by a hydrogen
bond and by interactions with 1le247. The proposed role of Tyr248 in the induced fit mechanism is
therefore not supported by the findings in this structure of native carboxypeptidase A. The structure has
a partly populated inhibitory Z site in close proximity to the catalytic Zh as evident from X-ray
anomalous dispersion data. A hydroxo bridge is found between the catalyticazd the inhibitory

Zn?+ with a Zrét—2Zn2* distance of 3.48 A. In addition, the inhibitory Znhas Glu270 as a monodentate
ligand. No other protein ligands to the inhibitory Zrare seen. The crystals were grown at 0.3 M LiCl

and weak evidence for a binding site for partly competitive inhibitory anions is observed.

Bovine pancreatic zinc carboxypeptidase A peptidyl- T pe 1

amino acid hydrolase (EC 3.4.17.1) (CPAyone of a large data collection statistics (4.0 A)
number of ZAt metallo enzymes that exerts their biological unique reflections 20 453
function through activation of a water molecule coordinated Reym (%6)2 3.8 (15.7)
to Zr2t. The biological function of CPA is to digest peptides completeness (%) . 94.1 (67¢7)
through hydrolytic cleavage of the C-terminal peptide bond ﬁzmplete”ess of anomalous data (%) 20 77?7'91§60'3)
from substrates containing a hydrophobic side chains at the refinement statistics (82.0 A) S
C-terminal position. R-factor (%) 16.7

CPA is secreted as a zymogen and is activated by trypsin Efﬁesg(?ébviation from ideal bond length (A) 22(')6010
or by chymotrypsin giving three distinct species with RMS deviation from ideal bond angles (deg) 2.001
biological relevance. Trypsin activation results in téorm atomicB-factor statistics (A)
(Alal—Asn307) or the3-form (Ser3-Asn307). Activation backboneBO(Bmay 13.3(39.9)
by chymotrypsin produces theform (Asn8-Asn307) @). gg’}ie‘:ﬂ*‘tﬁ‘n@ﬁg‘%m) ;g'g EZ%’Q
In addition to the heterogeneity introduced by the activation, INK308 131
two allotypic sequences are known. The genetic variation ZNK309 15.9
in the sequence involves the three residues lle/Vall79, Ala/ %‘{47 Side chain B %gi

. 1 | .

Glu228, and Val/Leu305. The upper sequence is known as Tyr248 side chain B %68

- - - 2The internaR-value is defined a@sym= zhkl,i“hkl,i - D]mkIVthl,ilhkl,iy
T This work was supported by The Danish Natural Science Researchwherely; = ith observed intensity of the unique reflectidikl) and

Cotuncil and The Danish National Research Foundation. 0L« = average intensity obtained from multiple observations of
PDB Accession Codes: 1lcpx and ricpxsf for coordinates and symmetry-related reflection8.For the 5% reflections not included in
structure factor amplitudes, respectively. the refinement¢ Outer resolution shell: 2.632.00 A.

* Author to whom correspondence should be addressed. Center for
Krystallografiske Undersggelser, Kemisk Institut, Kgbenhavns Uni-

versitet, Universitetsparken 5, DK-2100 Kgbenhavn &, Denmark. Tel: {ha Val-type sequence (Val305) and the lower sequence is

+4§55?§i§§rg§;?; (F;?g‘j; 55332 02 99. E-mail: anders@xray.ki.ku.dk. known as the Leu-type sequence (Leu3@5)%). This gives

' Centre for Crystallographic Studies. a total of six biologically active forms of carboxypeptidase
! Abbreviations: CPA, carboxypeptidase A; XRF, X-ray fluores- A, The different forms of carboxypeptidase A, which can

cence; PAC, perturbed angular correlation jefay spectroscopy;
EDTA, ethylendiaminetetraacetic acid; tris, 2-hydroxymethyl-2-amino- be separated by the method developed byzPet al. €),

1,3-propandiol:P2:2,2,-Tyr248, the conformation of Tyr248 when have comparable specific activity)@nd are named CR#y,-
crystallized in the orthorhombic crystal forR212:2; (presented in this Val/Leu.
paper);P2;-Tyr248, The conformation of Tyr248 when crystallized in Three amino acid side chains (Asnl44, Argl45, and

the monoclinic crystal fornP2; (1); Fobs Feaie Observed and calculated . o . : .
structure factor amplitudesn®ops — DFcac Map, MFoss — DFcaic Map, Tyr248) have been identified to be involved in the recogni-

total and difference/residual electron density maps. tion of the C-terminal carboxylate group of the peptide
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Ficure 1: Difference electron density maps at two stages of the refinement superimposed on the final model f #ite Zfhe catalytic
(ZNK308) and the inhibitory (ZNK309) Zi are shown in blue, and the hydroxide ion (HYD541) is shown in red. The rest of the ligands
are colored by atom. (a) Shown in green is the residual electron density map [with Fourier coeffinigfts{ DFca€%:aq and in white

the anomalous electron density map [with Fourier coefficien@.p{hkl) — Fopd —h—k—1))€l#cc9%1] both contoured at aclevel. The

maps were calculated before incorporation of ZNK308, ZNK309, and HYD541 in the model. Anomalous electron density is seen for the
two Zré" ions consistent with the residual electron density. (b) The residual electron density map contouredestehi4 shown in green
calculated after having included the two%rnions in the refinement. This indicates the presence of a bridging ligand. This figure and
Figures 2, 4, 5, and 7 were produced with the program TURBRODO @8).

substrate&). A hydrophobic pocket formed by the residues published 11-27). Recently, the structure of CPA, obtained
lle243, lle247, Ala250, Gly252, Gly253, Ser254, and 1le255 from the monoclinic crystals soaked with exces$Z(28)
serves as the recognition site for the C-terminal side chain confirmed the model of Z1 inhibited carboxypeptidase A
of the substrate. Tyr248 is proposed to cap this pocket afterdeduced from kinetic dat£9).
the introduction of the substrate in an induced fit mechanism In our recent studies on CPA, with perturbed angular
(8). The catalysis is believed to go through the promoted- correlation ofy-rays spectroscopy (PAC), the investigation
water pathway in which a hydroxide ion bound to the was extended to single-crystal PAC spectroscopy. This
catalytic Zr¥™ attacks the peptide bond assisted by Glu270 introduced the need to have CPA in a crystal form with a
acting as a general base catal@tdr through an anhydride  stability toward chelating agents, which would allow us to
intermediate 9, 10. After the nucleophilic attack by the produce largex1 nmol) stable crystals of apo protein. The
hydroxide ion, one proton is donated by Glu270 to complete search resulted in a new orthorhombic crystal form of CPA.
the hydrolysis. As the PAC technique depends on the availability of accurate
The crystal structure of CPA has been extensively studied. structural data, it was therefore necessary to refine a model
In 1983, Rees et allf published a crystal structure of native of CPA in this packing environment. The result of this
CPA at a resolution of 1.54 A in the monoclinic space group structural study is presented here.
P2,. Structures of CPA under different conditions and  Native carboxypeptidase A has been crystallized in a new
complexed with a number of inhibitors have also been crystal form, and X-ray data revealed a different packing
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Ficure 2: The anomalous electron density map contoured ata 3
level superimposed on a large portion of the final structure. The
catalytic Zr#* is in the lower left corner with the inhibitory Zn

in the background (orange atoms) and in the upper right corner

Cys138 and Cys161 is seen forming a disulfide. Clear peaks are
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Table 2: Binding Distances (A) around the Dinuclea?Z®ite

P2- P2-
P2,2,2,  monozrft2 dinuclear Z@A+°
the catalytic ZA*
Glu72-0,4 2.24 2.17 2.10
Glu72—-0,; 2.45 2.31 2.17
His69—Ns1 1.98 212 1.93
His196—Ns; 2.08 2.07 2.08
water 2.05/3.23
OH~ 1.75 2.36
Zn?t 3.48 3.30
the inhibitory Zr#*
Glu270-0,4 2.89 d
Glu270-0., 1.84 1.86
OH~ 1.85 2.17
ligand 3 2.29 (Ct)
ligand 4 2.39 (HO)
the solvent molecule at the possible anion binding site (Wat516)
Argl27—N,1 3.82
Arg127—N,. 2.97
Arg145-N, 3.68
Arg145-N,; 3.60
Tyr248-0OH 3.32
the inhibitory Zr#* 3.78
water molecule 2.56

aRefl. P Ref28. ¢ Water 571A and 567A are 1.49 A apart but have

observed for these atoms and the absence of additional electroran occupancy of 1¢ Not published.
density in the large area covered by the map indicates a good quality

of the anomalous data.

environment for the important Tyr248. This has provided
new insight in the catalytic function of substrate, the binding
mechanism, and inhibition of CPA.

MATERIALS AND METHODS

Crystallization. Microcrystals of bovine pancreatic car-
boxypeptidase A from Sigma C0263Q) were dissolved in
1.0 M LiCl with 20 mM Tris-HCI, pH 7.5, and used without
further purification. In initial studies using the Crystal Screen
I and Il (Hampton Research), it was found that CPA
crystallizes in a large number of buffer systems resulting in
different crystal forms. None of these crystals were stable

toward chelating agents and therefore not suitable for single-

crystal PAC spectroscopy. A slight modification of the
reversed salting in metho®Z), by decreasing the rate of
which the ionic strength was lowered during crystallization,
produced crystals proper for PAC spectroscopy. In our final
procedure, carboxypeptidase A was crystallized using mi-
crodialysis. The solubilized protein was placed in /40
microdialysis buttons (HR3326 from Hampton Research)
and dialyzed agaits 2 mL reservoir of the same buffer
lowering the LiCl concentration by 25% every other day.
The crystals appeared at approximately 0.24 M LiCl and were
stored in this buffer for a few days after which the
concentration of LiCl was raised to 0.30 M to prevent further

monochromatized Cud radiation produced with a Rigaku
Rotaflex RU 200 rotating anode operating at 50 kV and 180
mA. Sixty-five nonoverlapping images were collected, each
covering a 2 oscillation range with a crystal to detector
distance of 100 mm. The crystals were characterized to
belong to the orthorhombic space groB§2,2; with cell
dimensionsa = 48.79 (0.01) Ab = 66.85 (0.03) A, ana

= 96.02 (0.05) A and one molecule in the asymmetric unit.
Integrated intensities were obtained with DENZO, and the
data reduction was performed with SCALEPACK, both
programs from the HKL suite3@). The data collection
resulted in a 94% complete data set (68% for the outer
resolution shell, 2.032.00 A) comprising 20 453 unique
reflections in the resolution range4@.0 A. Ry,mwas 3.8%
(15.7% for the outer shell) with an average redundancy of
4.3 and overall/o(1) of 30.7. Data collection statistics are
summarized in Table 1.

Structure DeterminationThe structure determination was
performed by molecular replacement. As a search model,
we used the model of CPA from bovine pancreas [pdb entry
5cpa ()] with the Zr#* and the water molecules excluded.
The rotation and translation functions, which were calculated
with the program AMoRe34), gave one clear solution using
data in the resolution range 3.5 A. After rigid body
fitting, the correlation coefficient was 78.4% on structure
factor amplitudesK) and theR-factor was 27.0%. As a final
check, a difference electron density map was calculated,

nucleation. Within another week, rod-shaped crystals grew which showed strong residual electron density at the expected

to a size of approximately 0.2 0.2 x 2.0 mn?¥. The crystals
were grown at room temperature with a CPA concentration
of 3 x 10 M as determined using the molar absorption
coefficient reported by Bargetzi et aBZ). Metal-free Tris
buffer was made from double deionized watetO(1 uS)

Zn?t site.

Refinement.The structure was refined with X-PLORY)
using the Engh and Huber structural parameter 36}. (
Residues were updated according to the cDNA-sequence
reported by Le Huu et al. 87). The rebuilding mainly

and passed through a column of Chelating Resin (Sigma)consisted of repositioning of side chains due to the new

on the day of use.

Data Collection. X-ray data were recorded at 268 with
an R-AXIS Il imaging-plate system employing graphite

packing environment followed by addition of solvent mol-
ecules and Z#t. This was performed using the graphics
display program TURBOGFRODO @8) with weighted
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Ficure 3: Comparison of native carboxypeptidase A structures from the monoclinic crystal #pramd from the orthorhombic crystal

form (this work) by Ramachandraw fip)-angles. The differences between the two angles,and Ay, are shown as a function of the
residue number. A FORTRAN code was written by one of us (Anders Kadziola) to make these calculations. Apart from difference in the
C-terminal, two areas of the structure show different backbone-folds (see also Figure 4).

2mPFyps — DFcac andmPyps — DFcac maps 89, 40. Initially, using Cuko radiation @2). Although the peak in the
all B-factors where reset to 142Aand until the last few  anomalous electron density map corresponding to the second
cycles of rebuilding and refinement, only one oveBafactor Zn?t is clear, it is still weaker than the peak corresponding
was refined. In the last cycles, this was released to neighborto the catalytic ZA" (Figure 1a). The occupancy of the
restrained individuaB-factor optimization. Water molecules inhibitory Zr?* is estimated to 0.5 as judged from the
were included in the refinement if they showed well-shaped B-factors and the size of the peak in the anomalous electron
difference peaks with good hydrogen bond geometry and density map. In Figure 1b, we show the difference electron
they were kept in the model if theB-factors refined to  density, calculated after including the catalytic and the
values below 50 A inhibitory Zr?* in the model. A clear peak of residual
Modeling of the ZA" Sites. During refinement and  electron density is seen between the tw@*Zmwhich we
rebuilding, a clear peak of residual electron density was interpret as an OH The occupancy of the bridging
observed in thenFy,s — DFcac map close to Glu270 and  hydroxide ion was fixed to 1.0. This was necessary because
near the catalytic Zhi site (Figure la). This peak was an unrealistically lowB-factor was obtained when the
clearly too close to the carboxylate group to be a hydrogen- occupancy was coupled to the inhibitoryZrand set to 0.5.
bound water molecule or a Gland the electron density was  This can be explained by assuming that the electron density
well defined in this area of the structure excluding this being between the two Zi describes a superposition of the
an artifact. Due to the relatively good quality of the data bridging OH™ and the OH (or water molecule) which must
with an anomalous completeness of 80% (bdukhand—h— be present when the inhibitory Znis absent. When
k—I reflections measured), we decided to calculate an occupancies of 1.0 for the OHand 0.5 for the inhibitory
anomalous electron density map. The anomalous electronzn2+ are used in the refinement, no residual electron density
density map was made with weighted Fourier amplitudes js seen and the atomi-factors in that region are similar
MAFano = MFopdhkl) — Food—h—k—I)] and the phases (Table 1). The charges and the Lennard-Jones potential for
calculated from the refined model shifted 590° (39, 41J). the two Zr#* and the hydroxide ion were disabled during
The anomalous electron density map has two clear peaksrefinement. This was done to ensure that those atoms would
at the active site consistent with the residual electron density refine to positions dictated by the electron density without
(Figure 1a). One peak is found at the expected position of the influence of the chosen force field.
the catalytic ZA" and the other peak is situated only a few
angstroms away in the neighborhood of the carboxylate group el

of Glu270. Since only heavy atoms give rise to anomalous fluorescence spectroscop#d on a single crystal. The

. | . X "
dispersion, we interpret this as the presence of twé"Zn crystal was powdered and homogenized in a metal-free

ﬁound n the actltve site. )I(tR\'/:vas cotr:fllrmedthb¥ X-ram buffer. The measurement was performed with MoK
uorescence Spectroscopy ( , see below) that no o ® radiation and showed that Znwas the only suitable metal

metals were present in the cryst_als. ion present.

The anomalous electron density map also showed clear
peaks at the five sulfur sites in the CPA-monomer. These
are contained in the two cysteine residues, Cys138 andRESULTS
Cys161, which forms a disulfide (Figure 2), and in the three
methionine residues Met22, Met103, and Met301. Con- A New Crystal Form of Nate Carboxypeptidase ARod-
toured at a 3-level, virtually no noise was seen between shaped crystals of native CPA with dimensior8.2 x 0.2
the peaks originating from the heavy atoms (Figure 2). The x 2.0 mn? that belong to the orthorhombic space group
sensitivity toward sulfur is slightly lower than the sensitivity P2;2,2; have been produced. CPA has never before been
toward zinc, and the fact that sulfur is visible in the studied in this crystal-packing environment despite the large
anomalous electron density map indicates a good quality ofamount of crystallographic studies performed. With a
the anomalous data. The anomalous dispersion for sulfurrotating anode as X-ray source, the crystals diffracted to
and zinc corresponds to 0.56 and 0.68 electrons, respectivelyabout 2.0 A at 15C. Data collection statistics are shown

X-ray Fluorescence Spectroscop@uantitative multitrace
emental analysis was performed by energy-dispersive X-ray
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FiGure 4: The electron density map [with Fourier coefficientsn@ps — DFcai)€%=d contoured at a d-level superimposed onto the final

model (colored by atom) and onto the model determined from the monoclinic crystal form (colored in red) without water molecules [PDB
entry 5cpa {)]. (a) The conformation of Ser57 is different in the two models due to a peptide bond flip between Ser57 and Asn58. A

symmetry-related molecule in the orthorhombic packing is shown in yellow. (b) A peptide bond flip between Thr133 and Serl134 results
in a different conformation in the two models. A symmetry-related molecule in the orthorhombic packing is shown in green. In the areas
presented in panels a and b, the orthorhombic model is well defined due to the contact with symmetry related molecules.

in Table 1. The packing parametsf,, is 2.25 &/Da, and crystal in a crystal with the size mentioned above. The
from Vn, the solvent content can be estimated to be crystals are therefore well suited for PAC spectroscopy.
approximately 45%44). When exposed to chelating agents  The crystals are almost insoluble in 1.0 M LiCl and 20
such as EDTA and 1,10-phenantroline, the crystals are stablenM Tris, pH 7.5, although the protein was originally
for weeks, which is convenient when crystals of apo protein dissolved in this buffer. Even when the crystals in this buffer
is needed without the introduction of significant disorder. are inserted into a supersonic bath, the result is a slightly
The protein content can be estimated-th.6 nmol of CPA/ dissolved powder.
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The Position of Tyr248.The most important difference
observed between the presented structure and the structure
based on the monoclinic crystal forrh)(is the position of
the Tyr248 side chain. In the monoclinic crystal form,
Tyr248 is pointing away from the active site into the solvent,
whereas in the orthorhombic crystal form it is pointing
toward the active site, due to a T4dtation around the -

Cs bond. As the conformation of Tyr248 has been the
subject of many investigations, this residue was replaced with

Ficure 5: A difference electron density map in the region of a glycine during many cycles of refinement, and the residual

Tyr248 is shown at adlevel superimposed on tH2,2:2,-Tyr248 electron density was calculated to visualize the distribution
pointing to the left andP2;-Tyr248 pointing to the right. The  between different rotamers of Tyr248. As seen in Figure 5,

difference map was calculated after many refinement cycles of a there are no indications of alternative conformations than
model where Tyr248 was substituted by a glycine residue, indicating the gne which is presented in the model. The atomic
that no other position of Tyr248 is significantly occupied. B-factors of Tyr248 resemble those of 11e247 closely (Table
1), which also indicate that the occupancy of the refined
rotamer is close to 1.

The Final Model. The final model comprises one CPA
molecule (residues-3307), two Z@+ (ZNK308 and ZNK309),
and 278 solvent molecules including one hydroxide ion
(HYD541). The model has been refined to Bifactor of
16.7% for all reflections in the resolution range-8.0 A
with Riree = 22.6% [for the 5% of the reflections, which is
not included in the refinemen#€)]. Refinement statistics

During refinement, no electron density corresponding to
Alal and Arg2 was observed and the crystal packing does
not leave sufficient space to allow these residues to be
included without strain. This observation indicated that the
new crystal form contained a truncated form of CPA. It was
later confirmed by N-terminal sequencing on a single crystal
that we had crystallized carboxypeptidasgVal. The
product from Sigma was supposed mainly to consist of CPA
(30) but contained a mixture of all three activated forms of are summarized in Table 1. The model shows good

CthAe?]S;SSE;O dn;ol\rl-ct:?rgt]g;ﬁzlst(iag#sv?tﬂggi fl?rfsg;telm'fféilestereochemistry with root-mean-square deviation from stan-
b Y b dard bond length and angles of 0.01 A and 2901

ttl)c;?é;htguggtg;]e(g%tcl)\éz)content of CpWas changing from respectively. The final model was checked with the program
) 7 ) ) PROCHECK 47), revealing no nonglycine and nonproline
The Dinuclear ZA" Site. The structure has an active site residues in the disallowed regions of the Ramachandran plot.
containing the catalytic Zf1 in the expected position. It Only two residues are found in the generously allowed
also verifies the position of the competitive inhibitoryZn  yegions (Asn306 from the C-terminal and Ser199 next to the
in close proximity to the catalytic Zfi and with Glu276- cis-peptide between Ser197 and Tyr198 in the active site).
O.; being the sole protein ligand (Figure 1a). Afterincluding Coordinates and structure factor amplitudes have been
the inhibitory Zi* in the refinement, residual electron deposited with the Brookhaven Protein Data Bank with

density was seen corresponding to a bridging ligand (Figure accession codes 1cpx and rlcpxsf, respectively.
1b), which is presumed to be a OHon as foreseen by

kinetic experiments 45). The geometry of the protein DISCUSSION

Iigands to the catalytic Zn is found to. be in good 'agre'ement Does the Induced Fit Mechanism Apply for Carboxypep-
with the mono-Z#A" model (1) and with the ZA" inhibited tidase A? In 1958, Koshland proposed his induced fit
model 28). Relevant binding distances are given in Table echanism as a general model for substrate binding in
2. enzymes 48). For many years, there were only weak
Comparison of the Structure in the two Crystal Forms. experimental supports for this model. When the crystal-
In Figure 3, we show a comparison between the Ramachan-ographic data on CPA and CPA complexed with the
dran plot ¢,)-angles of the structures refined from the inhibitor Gly-L-Tyr (19) was published, it was taken as the
monoclinic crystal form I) and the orthorhombic crystal first example of an induced fit mechanism. This lead to a
form (the structure presented here). The differernge)) model for substrate binding in CPA)(based on crystal-
plot as a function of the residue number indicates three lographic data from the monoclinic crystals. In the free
regions of the three-dimensional structure, which have a enzyme, Tyr248 was found in the “up” position pointing
significantly different fold in the two crystal forms. One of directly into the solventk). In the crystallographic studies
these involves the C-terminal residues (Asn306 and Asn307),0f CPA complexed with the inhibitor Gly-Tyr (20, 22
that have a poorly defined electron density in the ortho- (Figure 6b), the position of Tyr248-OH has changed 12 A
rhombic crystal form. The difference in the other two areas toward the active site to the “down” position. In subsequent
originates from peptide bond flips between Ser57 and Asn58 X-ray crystallographic studies of CPA complexed with
and between Thr133 and Ser135. These two areas are botimhibitors, Tyr248 is found pointing toward the active site
situated at the surface of the molecule. In the monoclinic as seen in Figure 6b in support of this modkl{24, 26,
crystal form, they are flexible as judged from tBeactors 27). The induced fit mechanism for CPA relies on crystal-
[PDB entry 5cpal)]. Inthe orthorhombic crystal form, they lographic indications deduced from the monoclinic crystal
are involved in crystal packing and therefore well resolved form, where Tyr248 R2,—Tyr248) is pointing into the
(Figure 4); withB-factors ranging 1425 A2. Arecentstudy  solvent in the native statel),
indicates that this new model is the best also in the Despite the fact that the two crystal forms have no
monoclinic case [PDB entry larn27)]. common contact points between molecules, the fold of the
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Ficure 6: (a) Selected residues from the final model of carboxypeptidase A. The residues are His69, Glu72, and His196 coordinating to
the catalytic Z&* (ZNK308) and the general base Glu270 coordinating to the inhibitoAy ZBNK309) with the bridging OH ligand
(HYD541). A water molecule is seen at the C-terminal recognition site comprising Arg145, Asnl144, and Tyr248. The binding site for the
C-terminal side chain of the substrate is the hydrophobic pocket consisting of the residues 11e243, lle247 Ala250, Gly252, Gly253, Ser254,
and lle255. Tyr198 is believed to be the recognition site for the side chain next to the C-terminal residue and Arg127 is proposed to be
involved in the polarization of the scissile carbonyl group. (b) The inhibitor Gly-L-Tyr and 1le247-Tyr248 (in gray) from the X-ray crystal
structure of this inhibitor complex [PDB entry 3cpa3]] together with lle247Tyr248 from the monoclinic crystal form in black [PDB

entry 5cpa {)] superimposed onto Figure 6a (in white). This represents the three conformations of Tyr248, which have been observed in
crystallographic studies. Tyr248 from the Gly-L-Tyr complex is found in the same position as in the orthorhombic crystals but the ring
plane is rotated by-90°. The position of Tyr248 found in other inhibitor complexes is inside the active site with the ring plane parallel to
the one observed in the orthorhombic crystals. This figure was produced with the program MOLSGRIPT (

two crystallographic models is almost identical as evident (all at >4 A). A weak hydrogen bond also exists between
from Figure 3. This eliminates the possibility that the crystal Tyr248—0OH and a water molecule that is hydrogen bonded
packing has influence on the fold of CPA. However, it to Argl27 and Argl45 (Figure 6a and Figure 7&2,2,:2;—
should be emphasized thB2,—Tyr248 is involved in the  Tyr248 is not sterically hindered in any direction by the
crystal packing through six nonpolar contact points (all at crystal packing, and the side chain is therefore free to change
<4 A) to His120 and Thr14 in a symmetry-related molecule into a different rotamer if it was energetically more favorable.
(1). A hydrogen bond also exists betweP@;—Tyr248- We find it therefore likely that the conformation of Tyr248
OH and a water molecule which is in turn hydrogen bonded in solution is similar to that 0P2,2,2,—Tyr248 presented

to the symmetry related His120-1) (see Figure 7b). In  here.

our investigations of the orthorhombic crystals, we find that  The differences observed of the position of Tyr248 in the
Tyr248 (P2:2,2,—Tyr248) is positioned inside the active site  monoclinic crystal form initiated an extensive scientific
with no interaction to other molecule$22,2,2,—Tyr248 is controversy because arzanil®dyr248-modified CPA had
interacting with lle247 through six nonpolar contact points different spectrochemical properties in the crystalline state
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FIGURE 7: The packing environment of Tyr248 in the orthorhombic

and the monoclinic crystal form, respectively. (a)t€ace of CPA

Bukrinsky et al.

from the two different crystal forms, it is most unlikely that
it would be significantly different in solution.

Comparative kinetic experiments performed on the native
and the Tyr248Phe mutant of CPAY, 60 supports that
Tyr248 in the native state is positioned inside the active site.
Km andkea: were determined for both an ester and an amide
substrate. No significant changes were observég,jrwhile
Km was increased by a factor of 6 for the peptide but was
essentially unchanged for the est&®(60. It could be
expected that a phenylalanine side chain is less likely to be
exposed to the solvent than a tyrosine. A marked decrease
in the reaction rate would therefore be expected if the location
of this residue in the solvent was important to catalysis. A
6-fold increase irk,, for the Tyr248Phe mutant, compared
to that of the wild-type enzyme, is comparable to a decrease
in the stability of the enzymesubstrate complex of-4.4
kJ/mol. This energy corresponds to the loss of one or two
hydrogen bonds. On the basis of the present structural
studies, we suggest that the 6-fold increas&infor the
amide substrate is a consequence of the inability of the Phe
mutant to form the Tyr248-0-HN hydrogen bond with the
amide of the substrate as proposed by Christianson et al.
(15—-17). The unchanged value &f, for the ester substrate
may be explained by the fact that esters do not have a proton
at the oxygen in the scissile bond.

Properties of the Orthorhombic Crystal FormThe
crystals were grown from a batch containing a mixture of
the three activated forms of CPA, as evident from N-terminal
sequencing. The protein was originally dissolved in 1.0 M
LiCl. Despite this, the crystals are exceedingly stable in
solutions of high ionic strength. This indicates that the
protein undergoes physical changes during crystallization.
Most likely, a trace of trypsin is gradually converting CPA
into CPAs, which is then crystallized due to the lower

(this paper) with selected side chains (thick lines) and the symmetry solubility of CPAg. It is not unlikely to assume that trypsin
related molecule (thin lines), which is closest to Tyr248 [translation is a contaminant because it is used in the manufacturing of

of —a; in fractional coordinates<1, 0, 0)] (b) G,-trace of CPA

(1) with selected side chains (thick lines) and the symmetry related

molecule (thin lines), which is closest to Tyr248 (186tation about
b followed by a translation of/;b; in fractional coordinates<{x, y
+ 1/,, —2)) with the residues marked (*).

and in solution 49—56). The spectrochemical studies of

the Sigma product30) and Sigma states that trypsin and
chymotrypsin are present in this product. Indeed, in an
SDS-PAGE performed on untreated CPA, we have observed
a band corresponding to an impurity of similar size as trypsin
with a concentration larger than 1@/mL. These experi-
ments would also explain that only CRAcrystals are

CPA in solution suggested that Tyr248 is coordinating to produced if the Sigma product is recrystallized before use,
the catalytic ZA" in the native state and moves away when as well as the slower crystallization and the lower reproduc-
a substrate is bound. Similar studies of CPA in the ibility of the orthorhombic crystals of CPA

crystalline state led to the conclusion that Tyr248 does not

coordinate to the catalytic 2h, indicating a different

conformation than in solution. However, modification with

Zré* in the Active Site. A mechanism for Z#" inhibition
of CPA has been proposed earlier where the inhibitor&/ Zn
is bound to the carboxylate group of Glu270 and bridged to

such a bulky group makes it difficult to interpret these results. the catalytic ZA" by a OH™ (29, 45. This geometry was

Investigations of C#-substituted CPA with PAC spectros-

later confirmed by X-ray crystallography including a water

copy, performed on powder crystal samples and in solution molecule and a Cl as the third and fourth ligand in a

(57, 58, showed no detectable difference in the coordination distorted tetrahedral geometr28).
geometry of the catalytic Zn-site. Though the protein

In the structure pre-
sented here, a 50% occupied inhibitory ?Znis found

structure is more flexible in solution, the mean geometry is coordinated by Glu270 as monodentate ligand and a OH
the same as in the crystalline state within a radius of 5 A as a bridging ligand between the catalytically active'Zn

from the Cd*' substituting the catalytic Zi. This is in

and the inhibitory Z&" (Figure 1). The ZA"—Zn?* distance

agreement with the results from the present structure deter-is 3.48 A, the distances from OHo the catalytic and the

mination, where Tyr248 is not a ligand to the catalyti¢Zn
The distance from the catalytic Znto Tyr248-OH is 7.73

inhibitory Zre* are 1.75 and 1.85 A, respectively, and the
Zm*—0OH —Zn?" angle is 151. This geometry differs

A, and major deformations of the backbone would be slightly from that previously publishe@®@) (Table 2). The
required if Tyr248-OH should coordinate to the catalytic distance between Zh and a OH or a water molecule is
Zn?*. As the fold in this area is identical in the structures expected to be 1:92.1 A, and the somewhat short Za-
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OH™ distances can be explained by the presence of a OH
(or a water molecule) when the inhibitory Znis absent.
The fact that there are only two well-defined ligands to the
inhibitory Zr?* as compared to the model derived from the
monoclinic crystalsZ8) is probably due to a packing effect.
In the monoclinic crystal form, two active-site residues
(Tyr248 and Tyr198; Figure 7b) are involved in the crystal
packing, making the structure more rigid. The active site
in the structure we present is not strained by the crystal
packing (Figure 7a), which indicates that the structure refined
from the orthorhombic crystal form is a good model of CPA
in solution.

Binding Site for Partly Competite Inhibitory Anions. It
is known that the activity of CPA is inhibited by anior&lJ.
The nature of the inhibition of CPA by anions is interesting
seen in the light of the many studies of CPA performed at
high salt concentration due to the poor solubility at low ionic
strength. A detailed study of anion inhibition has been
performed 61). All anions examined were shown to act as
partly competitive inhibitors at the same binding site. In
the structure of carboxypeptidase T, a,30s found in a
position corresponding to the water molecule shown in Figure
6a [PDB entry 1ordg2)]. This positions the anion in the
recognition site for the C-terminal of the substrate (corre-
sponding to Arg127, Asn144, Arg145, and Tyr248 in CPA).
The geometry of this site resembles the binding site for CI
in pig pancreatia-amylase §3).

The crystals in this study were grown at 0.3 M LiCl. This
concentration of Cl exceeds the experimentgl of 45 mM
at pH 7.5 61) by a factor of 6. Since the anomalous
dispersion signal of Clis comparable to that of Zn and
sulfur that were clearly visible in the anomalous electron
density map, it was expected that @lould also be visible.

As there are only seven peaks in the anomalous electron

density map, which is accounted for by the two?Zmand
the five sulfur atoms, we have no clear evidence for a well-
defined inhibitory CI under these experimental conditions.
However, it is sensible to assume that the binding site for
anions in CPA is similar to the one found in carboxypeptidase
T (62) and we do find a solvent molecule in this position,
which has unusually long binding distances for a water
molecule (Table 2). This opens the possibility that it could
be a partly occupied or disorderedCI

In Conclusion. The structure of native carboxypeptidase
A has been determined in a new crystal-packing environment.
The crystals contain carboxypeptidasg/al resulting from
trypsin activation. The structure differs from the one
previously published 1) by having no crystal contacts
involving residues around the active site and is therefore a
good model of CPA in solution. Surprisingly, the important
Tyr248 is positioned inside the active site in a conformation,

which has only been observed when a substrate is bound.

The induced fit mechanism for carboxypeptidase A is thus
not supported by these findings. We observe weak indica-
tions that confirm the presence of a binding site for partly
competitive inhibitory anions6(l). This site seems to be
identical to the recognition site for the carboxy terminal of
the peptide substrate.
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