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Identification and Characterization of Zinc Binding

Sites in Protein Kinase C

STEVAN R. HUBBARD, W. ROBERT BisHOP, PAUL KIRSCHMEIER,
SIMON J. GEORGE, STEPHEN P. CRAMER, WAYNE A. HENDRICKSON

Metal ion coordination in the regulatory domain of protein kinase C (PKC) is
suggested by the conservation of six cysteines and two histidines in two homologous
regions found therein. By monitoring x-ray fluorescence from a purified sample of rat
PKC BI overexpressed in insect cells, direct evidence has been obtained that PKC BI
tightly binds four zinc ions (Zn®*) per molecule. Extended x-ray absorption fine
structure (EXAFS) data are best fit by an average Zn>* coordination of one nitrogen
and three sulfur atoms. Of the plausible Zn** coordination models, only those
featuring nonbridged Zn?* sites accommodate the EXAFS data and all of the

conserved potential ligands.

KC 1S A CLOSELY RELATED FAMILY
of phospholipid-dependent serine/
threonine kinases that play a funda-
mental role in cellular signal transduction
(1). Nine different mammalian members of
the PKC family have been characterized: o,
BL BIL, v, 3, €, { [see (1) for a review], m (2),
and L (3), and PKC homologs have been
identified in Saccharomyces cerevisiae (4),
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Drosophila melanogaster (5, 6), and Cae-
norhabditis elegans (7).

The PKC molecule is a single polypeptide
chain containing an NH,,-terminal regulato-
ry domain and a COOH-terminal catalytic
domain. The regulatory domain contains
the interaction sites of the effector molecules
diacylglycerol (DAG), phosphatidylserine,
calcium, and tumor-promoting phorbol es-
ters. Within the regulatory domain are two
adjacent, highly similar regions of ~50 ami-
no acids containing six conserved cysteines
(C) and two conserved histidines (H) in the
pattern H-X;,-C-X,-C-X,_14-C-X5-C-X,-
H-X,-C-X,-C (C4-H,), where intervening
X residues are more variant (Fig. 1). Excep-
tions to this are the { subtype, which con-
tains only one C4-H,, region (8), and the L
subtype, which lacks two of the conserved

cysteines and one of the conserved histidines
in the second C4-H, region (3). The conser-
vation of the six cysteines in these regions
was noted early on, but the two equally
conserved histidines have received little at-
tention. This C4-H, motif is also found in
n-chimaerin (9), porcine diacylglycerol ki-
nase (10), the unc-13 gene product (11), and
the raf/mil (12) and vav (13) oncogene prod-
ucts. A study of PKC regulatory domain
mutants has shown that the C4-H, regions
are essential for the binding of phorbol
esters and, by implication, DAG (14).

Because PKC is a cytosolic protein and
therefore not expected to contain disulfide
bonds, a likely function served by this num-
ber of conserved cysteines is metal ion coor-
dination. In addition, histidines are com-
mon donors of N ligands in Fe, Cu, and Zn
ion coordination. The putative ligands, thi-
olate S and imidazole N atoms, and the
absence of color of concentrated PKC solu-
tions suggest Zn>* as a candidate metal ion.

We measured the x-ray fluorescence
(XRF) from a purified sample of fully acti-
vatable rat PKC BI that had been overex-
pressed in insect cells (15) (Fig. 2A). Syn-
chrotron x-rays were used for excitation, and
an energy-discriminating solid-state detector
monitored XRF emissions (16). We could
detect simultaneously a variety of metal ions,
from Ca (atomic number Z = 20) to Ge (Z
= 32) by K, emission and from Sn (Z =
50) to Ir (Z = 77) by L, emission.

The XRF data for the PKC BI sample and
the control sample, a pool of fractions that
eluted just before PKC BI on the last chro-
matography column, are shown in Fig. 2B.
There are three major peaks in common in
the two spectra, consistent in energy with Cr
and Cu K, emissions (5.41 and 8.04 keV)
and the incident beam scatter (11.2 keV).
The Cr and Cu peaks are present in the
spectrum of an empty sample cell and are
due to trace amounts of those elements in
the cell window material. Two peaks are
unique to the PKC BI spectrum, consistent
with Zn K, and K, emissions (8.63 and
9.57 keV). In the difference spectrum (Fig.
2B inset), the Zn K, and K, peaks predom-
inate. The significance of the small peak at
Cu K, is unclear. On the basis of a linear
regression analysis of Zn standard solutions,
the amount of Zn in the PKC BI sample was
calculated to be 1.22 + 0.03 mM. The con-
centration of PKC BI in the sample was
determined by amino acid composition anal-
ysis and gel densitometry to be 22.2 = 1.5
mg/ml (0.29 mM) (17). The calculated ratio
of Zn?* to PKC Bl is thus 4.2 + 0.3.

The Zn K-edge absorption spectrum for
the PKC BI sample is shown in Fig. 3A, and
the extracted EXAFS oscillations are shown
in Fig. 3B (18). EXAFS can provide infor-
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mation on the number and type of ligating
atoms and metal-ligand distances (19). Ini-
tial curve fitting analyses, in which curved
wave—derived theoretical backscattering am-
plitudes and phases computed with the pro-
gram FEFF (20) were used, showed that the
observed PKC BI Zn EXAFS is due primar-
ily to backscattering from three to four S
atoms at a Zn-S distance of ~2.3 A (Fig.
3C). Fittings with only three S atoms were
significantly improved with the inclusion of
an N atom at a Zn-N distance between 2.0

and 2.1 A (21). Curve fitting analyses for
several coordination models are given in
Table 1. The model consisting of one N and
three S atoms (3S/1N) gave the best fit, and
the derived Zn-S and Zn-N dis-
tances, 2.32 and 2.08 A, and mean-square
deviations are chemically reasonable. In
EXAFS analyses, it is generally not possible
to determine first shell coordination num-
bers to better than ~20% (20); greater
difficulty is encountered for mixed atom-—
type first shells. Thus, plausible models for

Fig. 1. Sequence alignment of the Rata
two Ce-H, regions in the PKC  FatPiRl

. j g

regulatory domain (32). (The { Ras

i i Rat

subtype contains only one region.) 7%
The conserved cysteines and his-  Mousen
tidines are shaded. For the consen- ~ HumanL
. . S. cervis.
sus sequence, a capital letter is used  p mejan.

if the corresponding residue is

found at that position in at least ten ~ Consensus
(nine) of the eleven (ten) sequences
. J Rata
in the first (second) region. A low-  Rraipupn
er-case letter is used if the corre-  Raty

. . . Rat 8
sponding residue is found at that gg,
position at least six (five) times in :fmss?_

. iman

the first (second) region. The se- il
quence similarity within a particu- 2. melan.

lar subtype across mammalian spe-
cies is extremely high. For example,

37 BEFIARFFKQPTFESHETDFI-WG-FGKQGFQCQVECFVVHKRGHEFVTESE 86
37 BKFTARFFKQPTFESHCTDF I-WG-FGKQGFQCQVECFVVHKRCHEFVTFSE 86
36 HKFTARFFKQPTFCSHETDFI-WG-1GKQGLQCQVESFVVHRRCHEFVTFEC 85
159 HEFIATFFGQP TFCSVEKEFV-WG-LNKQGYKCROCNAATHKKCIDKIIGRE 208
170 HKFMATYLRQPTYCSHERDF I-WGVIGKQGYQCQVCTCVVHKRCHELIITKE 220

31 HLFQAKRFNRRAYCGQCSERI-WG-LARQGYRCINCKLLVHKRCHVLVPLTE
172 HKFMATYLROPTYCSHCREF I-WGVFGKQGYQGQVETCVVHKRCHHLIVTAG
171 HKFMATYLRQPTYCSHEREFI-WGVFGKQGYQCQVETCVVHKRCHHLIVTAG
415 HHFVQKSFYNIMCEAYEGDFLRYT-—~-—— GFQCQDCKFLCEKKCY TNVVTKE
46 HCFIARFFKQPTFESHEKDF I-WG-FGKQGFQEQVESYVVAKREHEYVTFIC

C. elegans 15 HQFVATFFRQPHFESLESDFM-WG-LNKQGYQCQLESAAVHKKECHEKVIMQE

HKF.A.ff.qptfCshC.dFi.WG. .gkQGyqCqvC. .vvHKrChe.v...C

102 BKFKIHTYGSPTFEDHEGSLL-YG-LIHQGMKEDTEDMNVHKQEVINVPSLE
102 BKFKIHTYSSPTFCDHCGSLL-YG-LIHQGMKEDTCMMNVHKRCVMNVEP SLE
101 BKFRLHSYSSPTFCDHCGSLL-YG-LVHQGMKECSCCEMNVERREVRSVESLE
231 HRFKVYNYMSPTFCDHCGTLL-WG-LVKQGLKCEDCGMNVHHKCREKVANLE
243 BKFGIHNYKVPTFCDHCGSLL-WG-LLROGLQCKVEKMNVHRRCETNVAPNG
246 HKFNVHENYKVPTFCDHCGSLL-WG- IMRQGLOCK ICKMNVEIRCQANVAPNG
245 HKFSIHNYKVPTFCDHCGSLL-WG-IMROGLQEKYVNECAYSMSSERG-PNE
482 HRFLPTSNRGTKWCCHCGY ILPWG--RHKVRKESECGIMCHAQBAHLVPDFE
111 ENFEPFTYAGPTFEDHEGSLL-YG-IYHQGLKCSACDMNVHARCKENVPSLE

C. elegans 91 BRFKTYNFKSPTFCDHEGSML-YG-LFKQGLREEVENVACRHKCERLMSNLE

Consensus

HkF..h.y.sPTFCDHCGS1L.wG.1..0G1lkC..C.mnvH..C...vp.1C

[-1']
222
221
461

95

68

151
151
150
280
292
295
233
531
160
140

the rat and human BI sequences are 98% identical. Sequence references are as follows: rat a, BI/II, v,
3, €, and { (8); mouse m (2); human L (3); S. cerevisiae (4); D. melanogaster (5); and C. elegans (7).

Fig. 2. (A) SDS-polyacryl-
amide gel electrophoresis
(12.5%) of the PKC BI
sample used for the x-ray
experiments (standards are
on the left). (B) Energy-cal-
ibrated XRF spectra of the
PKC BI (solid line) and con- 20
trol (dotted line) samples
before normalization by in-
cident x-ray flux (effectively
the raw data); (inset) nor-
malized difference spectrum.

94 e
67—

43—
30—

14—

Fig. 3. (A) Baseline-sub-
tracted Zn K-edge absorp-
tion spectrum for the PKC
BI sample. (B) Fit of the
3S/IN model (Table 1) to
the k3-weighted, smoothed
EXAFS; nonsmoothed ex-
perimental spectrum, solid
line, and simulated spec-
trum, dashed line. (C) Fou-
rier transform of the experi-
mental and simulated k*-
weighted EXAFS over the k
range 2.0 to 11.4 A"I,
phase-corrected with Zn-S
phases. An R-space window
of 1.6 A approximately cen-
tered on the Zn-S peak was
used in the backtransforma-
tion yielding the first shell to
the EXAFS contribution.
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Zn?** coordination in PKC BI include at
least three and up to four S atoms.

The finding of four Zn>* per PKC BI
molecule is consistent with the total number
of conserved cysteines and histidines in the
two Cg-H,, regions, 16, and tetracoordina-
tion for each Zn?*. There are only two
other highly conserved cysteines in the rat
PKC BI sequence, and these are found in the
catalytic domain. Therefore, the four Zn**
are in all likelihood bound in the Cq-H,
regions. Given that PKC BI was purified in
the continual presence of 1 mM EGTA
(dissociation constant Ky for Zn2* is
107!25 M), the Zn®* sites identified are
necessarily of high affinity (22). These Zn**
evidently serve not as labile regulators of
substrate binding but rather as agents that
stabilize a particular structural motf.
Whether PKC BI contains lower affinity
Zn®* sites or whether DAG or phorbol
esters directly interact with Zn>* is not
addressed in this study.

If the only cysteines involved in Zn2*
coordination are the conserved six in each
Cs-H, region, coordination models that in-
clude an average of more than three S atoms
per Zn*>* will necessarily feature bridged

Nonbridged
AN
Zn

Zn 3S/IN
s/ \N s/ \N

S S S S
Zn Zn
S S N N

3S/1N

Single thiolate-bridged

3.55/0.5N

Double thiolate-bridged

2N
Zn Zn
¢ s N

Fig. 4. Candidate models for Zn?* coordination
in a PKC Cg4-H, region consistent with the as-
sumptions given in the text. Except for the bridg-
ing ligands, the positions of the S and N ligands
with respect to the Zn>* to which they are
coordinated are arbitrary. Bond lengths and an-
gles are schematic. The average number of coor-
dinating S and N atoms per Zn>* appears to the
right of the models.
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Table 1. Results of EXAFS curve fitting analyses for PKC BI. The nonlinear least-squares program
OPT (31) was used to refine, for each shell, the absorber to backscattering atom distance R and the
mean-square deviation ¢”. The single-scattering expression used to compute simulated spectra is
. given in equation 2 of Rehr et al. (20). The first values given in the table are from fitting the k3-
weighted, Fourier-filtered EXAFS isolating the first shell contributions, and the values in brackets
are from fitting the k3-weighted, smoothed EXAFS. In the fittings, the overall scale factor was held

fixed at 0.9. Adjustments to the threshold energy,

AE,, were held fixed at the values derived from

the Zn model compound fittings (performed over the same k ranges as the PKC BI fittings). AE, =
—4.2 eV for the Fourier-filtered spectrum fittings (¢ = 3.0 to 11.0 A-1y and —6.4 €V for the

smoothed spectrum fittings (k = 2.0 to 11.4 A~1).

2

Model Atom NA* R (A)t "Jl(gg) x Fit indext

38/IN S 3 2.32[2.31] 3.1 [2.5] 3.1[144]
N 1 2.08 [2.03] 26 [41]

3.58/0.5N $ 35 232 [2.31] 42 [35] 5.2 [156]
N 05 2.09 [2.00] 15 [1.5]

25/28 S 2 2.30 [2.30] 3.1[10.6] 10.6 [173]
s 2 2.35 [2.31] 62 [L7] ‘

48 $ 4 232 [2.31] 50 [4.7] 11.9 [184]

*The coordination number NA was held fixed during the fittings.

1The estimated errors in the distances are +0.02

A for Zn-S and +0.04 A for Zn-N, based on fittings of the EXAFS spectrum for the Zn model compound in which

Zn?* is coordinated by two S and two N atoms.

+The fit index is defined as [Z(x. — xs)%k°]/n, where x. and x,

are, respectively, the experimental and simulated EXAFS and n is the number of data points in the fitting range.

Zn>* sites. The possibility of bridging led to
a search in the EXAFS data for a Zn-Zn
distance in the range 3.0 to 5.0 A. No
evidence was found for a Zn-Zn distance
<4 A, and, although Zn-Zn distances of
4.1 and 4.7 A were identified, this result is
of questionable significance owing to the
long distances and the limited data range.
Bridging possibilities also motivated an in-
organic sulfide analysis of the PKC BI sam-
ple; inorganic sulfide often serves as a bridg-
ing ligand in metal ion clusters. The result of
a colorimetric assay was negative (23).

We consider as candidates for the Zn>*
sites within a PKC Cg4-H, region those
models that are consistent with the follow-
ing assumptions: (i) there are two Zn>*
sites per C¢-H,, region; (ii) all six conserved
cysteines and either zero, one, or two of the
conserved histidines are involved in Zn>*
coordination; (iii) the Zn2* are tetracoordi-
nated; and (iv) there is no Zn>* bridging
between the two C4-H, regions. The first
assumption is derived from our XRF result
of four Zn>* per PKC BI molecule and the
high sequence similarity between the two
Ce-H, regions; the second is based on the
first shell EXAFS analysis, the absence of
inorganic sulfide, and sequence conservation
arguments; the third stems from the prece-
dent of tetracoordination in Zn complexes
and the EXAFS analysis (24); and the fourth
comes from the existence of proteins that
contain only one copy of the C4-H, motif
8, 9, 11, 12).

Models organized according to bridging
properties are presented in Fig. 4. The non-
bridged models, which are of the 3S/IN
type, are the only models in which both
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conserved histidines donate N ligands. The
singly bridged models involve only one of
the two conserved histidines, and the doubly
bridged model has no role for the histidines.
Unfortunately, the EXAFS data do not dis-
criminate completely here. The distance be-
tween the single thiolate-bridged Zn?* in
the Zn,Cds; metallothionein crystal struc-
ture is 3.88 A (25). Judging from an EXAFS
study of Zn, metallothionein (26), it ap-
pears that the Zn backscattering contribu-
tion in a single thiolate-bridged system is
relatively weak. On the basis of the structure
of superoxide dismutase (27), the Zn-Zn
distance in the single imidazole-bridged
model is too long to contribute significantly

‘to the EXAFS. From an EXAFS study of

GAL4 (28), which contains double thiolate-
bridged Zn* (29), and the crystal structure
of a double thiolate-bridged Zn>* com-
pound (30), a prominent peak at ~3.2 A
should be observed in the Fourier transform
of the EXAFS for such Zn?* clusters. The
absence of such a peak in the PKC BI
Fourier transform '(Fig. 3C) evidently ex-
cludes models featuring doubly bridged
Zn?*. Although the EXAFS data do not
rule out the singly bridged Zn>* models,
only the nonbridged models afford the best
fit to the EXAFS and incorporate all of the
conserved histidines and cysteines in the
Ce-H, motif.
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A baculovirus was constructed for the expression of
active PKC BI protein. A clone encoding the full-
length BI subtype of rat brain PKC [G. M. Housey
et al., Cell 52, 343 (1988)] was cleaved with Bss
HII and Hind III; the resulting fragment contained
the entire coding region of PKC BI plus ten base
pairs of 5’ noncoding sequence. The fragment was
blunt-ended with T4 DNA polymerase and ligated
to the nonfusion transfer vector pVL941 [V. A.
Luckow and M. D. Summers, Virology 170, 31
(1989)] that had been cleaved with Bam HI and
blunt-ended as well. Clones were selected and prop-
er orientation was determined by restriction enzyme
analysis. Transfer vector DNA was mixed with pu-
rified wild-type Autographa californica Nuclear Poly-
hedrosis Virus DNA, prepared according to the
methods of M. D. Summers and G. E. Smith [A
Manual of Methods for Baculovirus Vectors and Insect
Cell Culture Procedures (Texas A&M Univ. Press,
College Station, 1987)], and transfected onto Sf-9
cells (obtained from the American Type Culture
Collection) grown in supplemented Grace’s medium
(GIBCO). After 6 days the supernatant was harvest-

_ed, and recombinant virus was purified from wild-
type virus by limiting dilution and dot-hybridization
(M. D. Summers and G. E. Smith, ibid.). Final
recombinant viruses were selected by screening for
their ability to express PKC BI in infected cells. At
72 hours after infection, Sf-9 cells were harvested by
centrifugation at 12,000¢ and homogenized in buff-
er containing 20 mM tris-HCl (pH 7.5), 10 mM
EGTA, 15 mM 2-mercaptoethanol, leupeptin (10
ng/ml), phenylmethylsulfonyl fluoride (PMSF) (40
ug/ml), soybean trypsin inhibitor (10 pg/ml), and
0.1% Triton X-100. PKC BI was purified in three
chromatographic steps: DEAE-Sephacel (Pharma-
cia-LKB) and phenyl-Sepharose (CL-4B, Pharma-
cia-LKB) [T. Kitano, M. Go, U. Kikkawa, Y. Nish-
izuka, Methods Enzymol. 124, 349 (1986)], and
hydroxylapatite (Bio-Gel HPHT, BioRad) [M. S.
Shearman, K. Ogita, U. Kikkawa, Y. Nishizuka,
ibid. 168, 347 (1989)]; the DEAE-Sephacel buffer
included leupeptin (10 wg/ml) and PMSF (40 pg/
ml), and in each column buffer 1 mM EGTA was
included instead of 0.5 mM EGTA and 0.5 mM
EDTA. PKC BI activity was assayed as described by
C. A. O’Brian, D. A. Lawrence, E. T. Kaiser, and I.
B. Weinstein [Biochem. Biophys. Res. Commun. 124,
296 (1984)], except that histone III-S was used as
the phosphoacceptor. Typically, this protocol yield-
ed between 0.6 and 1.8 mg of purified PKC BI per
liter of cell culture with a specific activity of between
447 and 637 nmol/mg per minute. For the x-ray
experiments, PKC BI from three different prepara-
tions was pooled and concentrated in Centricon-30
microconcentrators (Amicon).
Data were collected at the National Synchrotron
Light Source, Brookhaven National Laboratory, on
beam line X-19A equipped with a Si (220) double-
crystal monochromator tuned to an energy of 11.2
keV. Pulse height analysis was performed on the
amplified output of one of the 13 Ge elements of the
detector array [S. P. Cramer, O. Tench, M. Yocum,
G. N. George, Nucl. Instrum. Methods A 266, 586
(1988)] with a Canberra multichannel analyzer
(MCA). A Lucite cell (23.1 mm by 3.2 mm by 0.8
mm) was used for the XRF and EXAFS experi-
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ments; thin Mylar tape was used for the one win-
dow. Fluorescence was monitored in the direction
normal to the incident x-ray beam in the horizontal
plane. A single sample cell, extensively rinsed with
an EDTA solution and deionized water between
samples, was used for all the XRF measurements. Zn
standards of 0, 0.5, 1.0, and 2.0 mM were prepared
from a Zn atomic absorption standard solution
(Sigma); solution volumes were measured gravimet-
rically. Data for the PKC BI and control samples and
the Zn standard solutions were accumulated for 5
min each at room temperature. Raw data in the form
of fluorescence counts versus MCA channel number
were converted to counts versus energy with the Cr
Ku peak (5.41 keV) and the scatter peak (11.2 keV)
in a two-point linear calibration. Each of the energy-
calibrated spectra was interpolated onto ‘an evenly
spaced energy grid and ‘normalized by the integrated
counts in the scatter peak to correct for differences in
total incident flux. Difference spectra were comput-
ed for the Zn standards and the PKC BI sample
(PKC BI - control), and the counts in the Zn K,
peaks were integrated. The standard deviation for
the Zn concentration in the PKC BI sample was
estimated from the results of different attempts at
energy calibration, spectra normalization, and inte-
gration of the Zn counts.
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S spectra were smoothed with a. Gaussian
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Novel Fold and Putative Receptor Binding Site of
Granulocyte-Macrophage Colony-Stimulating Factor

KAy DiepERICHS, ToM BOONE, P. ANDREW KARPLUS*

Granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulates the devel-
opment of and the cytotoxic activity of white blood cells. Recombinant human
GM-CSF has proven useful in the treatment of blood disorders. The structure of
GM-CSF, which was determined at 2.4 angstrom resolution by x-ray crystallography,
has a novel fold combining a two-stranded antiparallel g sheet with an open bundle of
four « helices. Residues implicated in receptor recognition, which are distant in the
primary sequence, are on ad]acent a helices in the folded protein. A working model for

the receptor binding site is presented.

ATURAL GM-CSF 15 A 127-AMINO

acid residue trace glycoprotein (1,

2) that triggers the development of
both granulocyte and macrophage colonies
from hematopoietic - progenitor cells (3).
The availability of recombinant GM-CSF
(2, 4, 5) has allowed a much fuller charac-
terization of its activities, and it is now clear
that GM-CSF stimulates a wide variety of
hematopoietic and nonhematopoietic cell
types (6). As a therapeutic agent, GM-CSF
has shown promise in the treatment of aplas-
tic anemia, myelodysplastic syndromes, ac-
quired immune deficiency syndrome, neu-
tropenias, and chemotherapy-induced
myelosuppression (7, 8). As a step toward
understanding its structure-function rela-
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tions, we have crystallized nonglycosylated
recombinant human GM-CSF (9). Here we
report the structure at 2.4 A resolution and
define a putative receptor binding site.

The tertiary structure of GM-CSF is dom-
inated by a bundle of four a helices and is
distinctly nonspherical with dimensions of
20 A by 30 A by 40 A (Fig. 1). The four
helices are all antiparallel and form a twisted
open barrel, with the open edge filled in by
strand 1 of the antiparallel sheet. Each of the
helices interacts with both of its neighbors
around the barrel perimeter (Table 1) so
that despite the presence of the B sheet,
GM-CSF can be compared with known
four-helix bundle proteins (10). The topol-
ogy of the bundle places helices A and B,
and helices C and D across the barrel from
each other rather than next to each other.
This placement gives GM-CSF a double
overhand topology (10), which has previ-
ously been seen for porcine growth hor-
mone (11). Although interesting, the simi-
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