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SUMMARY

A new fast inherited wariant of carbonic
anhydrase 1 (CA I), designated CA Inuoaqyi 1
{CA Ings 1) was discovered during a survey of
hemolysates from 5,852 individuals from the
cities of Hiroshima and Nagasaki in Japan.
Analysis of the variant tryptic peptide from the
CA Iygg  variant indicated that a glutaminyl
residue was substituted for an arginyl residue at
position 76. Heat degradation studies showed
that the CA Iygg , variant was less stable than
normal CA I. The CO, hydrase and esterase
activities of the normal and variant CA I, as
well as the relative amounts of the two enzymes
in heterozygotes, were similar.

INTRCDUCTION

Three isozymes of carbonic anhydrase, carbonic
anhydrases I, II, and il (CA I, CA II, CA III),
are known to occur in humans."? Knowledge
of the tissue distribution of these isozymes is
still incomplete; however, CA I appears to be
found mainly in erythrocytes and gastrointestinal
mucosa, CA Il in erythrocytes and a wide variety
of tissues, and CA III in skeletal muscle. The
CA I and CA II isozymes appear to be products
of two closely linked genes in mammals, 35
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The amino acid sequences of human CA I and
CA Il as well as their three-dimensional structures
have been determined. 5!

To date, 15 electrophoretic variants of CA I,
and 3 variants of CA II, have been reported
after screening hemolysates from many different
human populations.}*™* Of these, the amino acid
substitutions have been determined for five (and
tentatively for two more) of the CA I variants,
and one of the CA II variants.”?

Reported here are the amino acid substitution,
comparative enzyme activities, and thermo-
stability of a new fast variant of CA I discovered
in a Japanese family from Nagasaki, Japan.
This variant is designated CA INagasald 1
(CA'Iygs ;) according to the nomenclature
recommended for protein variants by Ferrell
et al.'5 Previously, only one CA I variant (which
moved cathodal to normal band electro-
phoretically), CA Ih Hiroshima (CA Iy ;)

has been reported from the Japanese
population. 167
MATERIALS AND METHODS

Electrophoretic Techniques

The conditions for electrophoresis and staining
used in this study were the same as those
previously described. ' For the screening
procedures, the esterase activities of red cell
carbonic anhydrases after electrophoresis, were
detected using the fluorogenic substrates,
4-methyl umbelliferyl acetate for CA 1 and
fluorescein diacetate for CA IL'8

Purification of the Variant Carbonic Anhydrase

The normal and variant CA I isozymes were
isolated from approximately 200 ml of whole
blood which was pooled from the three indivi-
duals heterozygous for the CA Iygg ; variant.
The two forms of CA I were initially separated
by affinity chromatography on a sulfonamide-
bound Sephadex column by the method of
Osborne and Tashian.!® Further purification
was achieved by rechromatography on a DEAE-
Sephadex column.® The concentration of the
carbonic anhydrases was determined using a
molar absorption value at 280 nm of 4.9 X 10*

liter moleé ! emt.

Peptide Analysis
Tryptic digestion and peptide mapping of the
carbonic anhydrases were carried out with the

ABEDOCA I, CAIDT I /MEFEELIZED
3 KHEE ARE & W T 5. oL

SHETRISOBAABI LIERUHMNCA IC,
CA TCRESFE{ OANEEFMoBOLHEDO X 7 ) —
Y TRESNTVR MM 2 hsD3LT I /B
BMOREL, CA [OEOERY (REMEZLO
RZOBM) T, CA IO—oOFEERTITFLAT

“5.12

IORETE, BHOABFA—FKZTCRASIhAR
LWCA IOHVWERRDT 3/ %iEKR, BEEG
DLEBLBEEE L >VTRNS. COBERRL
Ferrell 5% 0 EGHEREDOFHEBEIIL - T,
CA Iynugueaki 1 (CA Ipngs () &@EEhA 2T
BREAZEHOTE, BREBEESL D LER
Mi=g@gh+sii—o0n CATESRER, CA Ih
Hiroshima (CA Iy, )dBREER TV 5.6V
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diacetate FFH W THEL B

FREURBHAKBEOHE
EHBERMOCA L7474 8%, CA Iygs
FRBAFOESEEL 23 ALSTRML 7~ #200ml
DEMALEHELE. ZO0HBOCA I2#HIC
sulfonamide #5454 Sephadex # 7 AFHVWAT 7 4 =
F4—rawhZ 37 45—, Osborne B Tashian®
OHBIZTE > THHEL 2. BiZ DEAE -Sephadex #
TLAEAWTHIURT I TT7 T WHEL
7o 0 BEBEAKEEE OB IX280nm O 5 F Ik LR,
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and a modification of the
11

method of Tashian?!
method of Henderson.

In order to locate the altered tryptic peptide of
the CA Iygg i variant, the latter method was
used. The procedure is as follows: 20 mg of
CA 1 was first adjusted, with rapid stirring, to
pH 3.0 with 0.} HCl, and after about 10
minutes adjusted to pH 10.6 with 0.2 M NaOH.
Trypsin (trypsin to CA I ratio of 2:100) was
then added and the mixture incubated at 37C
for 16 hours. The pH was then adjusted to 5.0
with concentrated acetic acid, and after 2 hours
the digest was centrifuged at 8,000 rpm for
30 minutes. Separation of the tryptic peptides
in the pH 5.0 insoluble fraction {containing the
variant peptide) was carried out by dissolving
the fraction in 5.0 M guanadine-HCI buffer,
pH 5.0, followed by chromatography on a
Sephadex G-50 column equilibrated with the
same buffer. The fractions containing the
altered peptide were pooled, desalted, lyophilized,
and dissolved in 10% acetic acid and rechromato-
graphed on a Sephadex G-25 column equilibrated
with 10% acetic acid.

One dimensional electrophoretic separation of
tryptic peptides was carried out on chromato-
graphy paper (Whatman 3 MM) in a pyridine-
acetate buffer, pH 6.4, for 70 minutes at 2,000
volts. The peptides were eluted from the
paper with 25% acetic acid. Amino acid
compositions of the eluted peptides were
performed on an amino acid analyzer after
hydrolysis for 21 hours in 6 N HCl at 100C.

Thermostability Studies

Heat denaturation studies were determlned on
the normal and wvariant CA I isozymes by
utilizing the azosulfonamide binding procedure
of Osborne and Tashian.?®

Enzyme Assays

The €O, hydrase activities of the carbonic
anhydrases were measured by the method of
Nyman®® which follows the rate of change in
the ultraviolet absorbance of Veronal buffer at
276 nm. The esterase activity toward p-
nitrophenyl acetate was measured by the method
of Armstrong et al.?°

RESULTS
The CA Iygg y variant was discovered in a
normal male member of a family from Nagasaki

RERF TR 2-79
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in an examination of blood samples from 5,852
offspring of individuals exposed to atomic bomb
radiation, and suitable controls, from the cities
of Hiroshima (3,267) and Nagasaki (2,585). The
variant was also found in the sister and father of
the propositus. Since the variant was found in
the father of the propositus, its presence is of
course unrelated to the radiation history.

The electrophoretic pattern of CA Iygg ; is
shown in Figure 1. The anodal migration of
this variant suggests that it is the result of a
single additional negative charge. The similar
intensities of the protein stains of the normal
and variant CA [ indicate that the levels
are similar.

Isolation of the CA I Variant

After the initial separation of the normal and
variant CA I by affinity chromatography, the
two forms were further purified on DEAE-
Sephadex columns (Figure 2). About 40 mg of
normal CA I and 45 mg of CA Iygg ; were
separated from 200 ml of whole blood. The
purity of the separated forms of CA I can be
seen in the electrophoretic patterns in Figure 1.

Figure 1. Protein patterns (Nigrosin stained) of
normal CA I and CAlpngs | after vertical
starch-gel electrophoresis at 4C for 18 hours at
8 v/em, pH 8.6. Hemoglobin removed by
extraction of hemolysates with a mixture of
40% ethanol and chloroform (1:0.5 by vol.) at
—10C. (1) normal CA I and CA II pattern,
2) CA Ings 1/CA I heterozygote pattern, (3)
purified CA 1, (4) purified CA Ingg 1. Purified
normal and varignt enzymes from chromato-
graphic separation shown in Figure 2,

B1. EHECA TLCA Ingg ; P47T, 1885, 8v/ cem,
pHEBTHEMBA Y VEAKMEO=roy Y B L~
AR, ERHECO%Ty ) —Nesaa7 a1
0.50HB)DRAME—-WOTCTME, ~EFYOVE %
ML . (DIE#BCA T&CA g, (21CA Tyeg 4/
CA I~FufEfafhig, BB XALCAT, MBlxh
RCA Ingsr H202 0% 757 4 — ML N HIR
SNIEWE L ERAREE.

DA B Ut R 5,852 A O M D K i T,
BRO—FEROER BRI s 1. FRAG
RBEOMEXBIILRRsh ., ERENEIRE
DEXBIIBREATVE0T, EREOFE L HIE
BELIEMETH .

CA T ygs \DERAFE/ Sy — v 2B LITRL 2. P&
ZBEHL w3 ZInERMT—>OBEMORINE
BIKLTwS, EXERLERYOCA TOEARE
DJEIFESUTEY, ZhoOREAFFEILCLHVT
HBEZELERLTWVS.

CA IZEREOIRE

FHEEERACA IOT7T74=F4—270= 7
F7 4 =Lk BEMO 5 #E%, DEAE-Sephadex #
FLATEIIZoOOB#HMB L~ (K2). #40mg @
THEICA 1&45mg @ CA Tygg 1 7°200ml 02 I
Ehogahs., HRESHhZCA TOEREDHE
H1OERFEB Sy - OEEDTHS.
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Figure 2. Chromatography of normal CA I and CA Iygg ; on DEAE
Sephadex (1.5 X 90 cm column) eluted with 0-0.1 M NaCl gradient in

0.05 M Tris-HCl, pH 8.7.

2. E4% CAT¥XCAIygg, @ DEAE-Sephadex (1.5X%em# 5 4) T
0-0.1M NaCl #FE4A0.05M Tris-HCl, pH8.78#@#TOI7 O b7 57 4 —.

Peptide Analysis

The tryptic peptide patterns of normal CA I
and the CA Iygg ; variant are compared in
Figure 3. As can be seen, one of the peptides
(arrow) present in normal CA I is absent in the
variant. This peptide, designated T-2, represents
residues 77-80 (Ser-Val-Leu-Lys) in the normal
sequence (Table 1). The absence of this peptide
in CA Iygg ; suggests that Arg 76 has been
substituted for an uncharged residue in the
variant enzyme, and that the resultant tryptic
peptide T-3 (positions 58-80) is located in the
insoluble tryptic digest of CA Iygg -

In order to locate the insoluble T-3 peptide, the
insoluble tryptic digest of CA Iygg | Wwas
dissolved in 5 M guanadine-HCl, pH 5.0, and the
tryptic peptides were separated on a Sephadex
G-50 column. The elution pattern is shown in
Figure 4. The fractions known to contain the
insoluble peptide T-1 (positions 58-76) in
normal CA I were pooled, desalted, lyophilized,
dissolved in 10% acetic acid, and rechromato-
graphed on a G-25 column. The elution patterns
from the normal and variant enzymes are shown
in Figure 5. The fractions containing the

~NT a4 FS5R

EWECA 1&CA I EERDN) 7y VILE
RTFZAFP DR — v # A3 THEBEL . EHE
CA ITHLGNE—DNDAT ¥4 F{EHN) HERR
TRBPLTOVWEIDHESYASE. 2OT-2#Edhpihk
NRTEA NI, EHEOT I/ EBREAN(£]1) TR
77-80 (Ser-Val-Leu-Lys ) OB TH 5. CA T ngs
BB _T vy FOKHEIIZ, T6HEBD Arg »°
ZRAEECHEMO 4 WEEIIRBEE A TVLAZ
e, PUT Ty 4{ FT-3 (58-80{L) %
CA Ines 1P M7y YMBREESEIZFEET S
ZEERRELTWS.

TEHET- 3754 FERETAAHIZ, CA Tygs
DY TYYREBREESEESM YT =V
pHS.0 IZiER L, M) 7y v BT Vi
Sephadex G-504 7 L T L/, HR/Vy — 1k
H4DeENTHS. EHHUCA IDOTBEHERTY
4 FT-1(58.-7T6{L) 2 5ATVwApEZED, K
L, RESHHE L, 10%88BIZERLTG-257 74
THZUT 574 %ok, EERRUEER
RIgFROBEHR/ 7 - %#R51RT. CA IOLEE
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CA | (normal)
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Figure 3. Tryptic peptide patterns of normal CA I and CA Ingg |-
The arrow indicates peptide T-2 which is missing in CA Incg ;-

BI3. EWACAILE CAlyg (PMITYYRARTIAL KOSy -0, KE
1 CA Iygs | TRILTVRERTFL FT-2Th 5.

TABLE 1 PORTION OF CA I SEQUENCE SHOWING TRYPTIC PEPTIDES,
T-1 AND T-2, OF NORMAL CA I AND T-3 OF CA Ingg

#1 [FHECA ION T BTy F, T-1, T-2¢&
CA Iygs @ T-30 CA IARHI O L
57 60 65 70 75 GiIn 80
Lys—Glu—Ile—Ile—Asn—Val—Gly—His—Ser—Phe—His—Val—Asn—Phe—Glu—Asp—Asn—Asp—Asn—Arg—Ser—Val—-Leu—Lys—C

‘4— T-1 :‘ﬂ—T—z
|=

T3 .

CA I sequence from Andersson et al% and Lin & Deutsch®. Andersson 56 & Lin & Deutsch® ® CA I A5l

normal peptide T-1 from CA I and the variant BT ZA FT-1&CA Iy |PERMAT YA
peptide T-3 from CA Ings | were then  oq g .apms geuml, 0%8%:CHEHES
Ivophilized, resuspended in 10% acetic acid and ‘ . . B )

subjected to paper electrophoresis. Since both LTFHER R E T >, Z20ORT 54 Fid
peptides are negatively charged at pH 6.4, the pH64TEHIZHEBET 20T, BEAICESL -
anodally migrating bands were eluted from the Sy B OSUEERE TR A S L, N8R A -

paper with 25% acetic acid and hydrolyzed.
The amino acid compositions of the two peptides . ZOoORTEL FOT I/ EEMEE &2 THE

are compared in Table 2. As can be seen, the + 5. TREATSL Rk, Uy, o4,
variant peptide contains one additional serine, UYy, FME L EAEA—oFDEL, TIE

valine, leucine, lysine, and glutamic acid, and
no arginine. Since only one additional negative ZviERw, R OBREF ML KBS
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Figure 4. Chromatography of pH 5.0 insoluble fraction of CA Ings |
tryptic digest on Sephadex G-50 (0.9 X 120 e¢m column) eluted with
5.0 M guanadine-HCIl. Bar indicates fractions containing peptide T-3;
this region in the elution of normal CA I contains peptide T-1.

4. CAlygg ?PHY 7y vH, pH 5.04 & 4 1] ) Sephadex G-50 (0.9X
120em# 7 4), 5.0MZ 7=V VY EBTENLLZZ7Rew b7 77 4 —. HilBlIE~T
4 FET-328ATVEREHEZRAL TS, EERCAIOERTZOFEIL
NTHEL FT-12FATWVS.

TABLE 2 COMPARISON OF THE MOLAR RATIOS OF AMINO ACID RESIDUES IN TRYPTIC
PEPTIDES, T-1 AND T-2, FROM CA I (NORMAL) AND T-3 FROM CA Iygg 1
£2 tUTL REBARTSALF, CA I(EWE)DT -1, T-28CA Iys | ?
T-3¢D07 3 /7 BEREDENL O HER

Amino Acid £a 1 Germal) oA INGS i
T-1 T-2 T-3

Aspartic acid 6.36 (6) - 6.07 (6)
Serine 0.99 (1) 0.53 (1) 1.87 (2)
Glutamic acid 2.25.(2) - 2.81(3)
Glycine 0.91 (1) - 091 (1)
Valine 1.86 (2) 0.99 (1) 296 (3)
Isoleucine 1.87 (2) - 2.31 (2)
Leucine - 1.08 (1) 1.37 (D)
Phenylalanine 1.98 (2) = 1.88 (2)
Histidine 1.98 (2) — 1:78:(2)
Lysine — 0.93 (1) 1.13 (1)
Arginine 0.99 (1) - -
Total Residues 19 4 23

Figure in parentheses is assumed number of residues. () F3EEOH TH M M.
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Figure 5. Chromatography of pooled fractions {indicated by bar in
Figure 4) on Sephadex G-25 superfine (0.9 X 120 em column) eluted
with 10% acetic acid. Bars indicate fractions containing peptides T-3
from CA Iygg 1 and T-1 from normal CA I
H5. [@4CHETTLASE® Sephadex G-25 superfine (0.9X120em# 7 4)
BB, 0%EBTCHRELAZ B Y77 4 —., BHBIECA Iy 9754 F
T-3, EXRCAIOT-128ATVAFTERRLTVS.
' TABLE 3 ENZYME ACTIVITIES OF NORMAL CA T AND CA Iygs ¢
#3 IEEECA 1L CA Lygg | PEEHGH
Esterase Activity CO9 hydrase
CA I Types (p-nitrophenyl acetate) activity
(units ¥/mg) (units b,o'mg)
CA 1 (normal) 0.28 4.8
CA Iygs 0.28 4.9
4 ymoles p-nitrophenol formed/minute b-4 OD at 276 nm/fsec
charge is indicated by the migration pattern of CA Ings ) (H1)DOEBHy—225505DT,
CA Ingg y (Figure 1), the most likely explana-  p 4 s gumg iy r 5 3w BEATOHETT VH
tion is that a glutaminyl residue has substituted
for an arginyl residue at position 76. SVBELIBERLTVEILTH S,
Thermostability
The CA Iyygg 1 variant was found to be less stable HREM

than normal CA I at 57C, pH 8.0. The CA Iygg | MIE¥%4 CA IIZH-<TS57C, pHE.OT

f:om.paratwe thermostability curves are given REETH T, BETEOLEEN 6 CRT.
in Figure 6.

Enzyme Activities BT

The esterase activities and CO; hydrase activities ” s e e

of the normal and variant CA I are listed in ERBEERAUCA IOLAT F-HiEtE L CO,
Table 3. Under the conditions of the assays, the KELEEEEIIRT. COREDOESHT TG,
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activitics of CA I and CA Iygg  were
essentially the same.

DISCUSSION

The residue at position 76 has now been
sequenced in the CA I of orangutan, rhesus
macaque, and ox.! In these species the residue
is arginine as in human CA I. The homologous
residue in the CA II of human, sheep, ox, and
rabbit is lysine.!

In bovine CA III, the homologous residue is
arginine as in CA I (Tashian, unpublished data).
Thus, a positive charge has been maintained at
this position in all three carbonic anhydrase
isozymes of mammals. However, except for the
lower thermostability, the substitution of
glutamine for arginine at this position does not
seem to have effected either the activities or
quantitative levels of the variant enzyme. Based
on the three-dimensional structures of human
CA I and CA 1II residue 76 is located on the
outside of the molecule and is not a part of any
secondary structure.”1°

In an earlier survey of adults born prior to the
A-bombs from Hiroshima (2,604) and Nagasaki
(1,365), Ueda et al®*, found four unrelated
individuals with the CA Iyp , variant in the
Hiroshima sample and none in the Nagasaki
sample.

RERF TR 2-79

Figure 6. Heat degradation of normal CA I {e)
and CA Iygs 1 (o) et 57C in 10-mM Hepes
buffer, pH 8.0.

6. 57T, 10mM Hepes S 7iE, pHB.0, COHEHH
CAI{®)& CA Iygg (Q)DEEHEER.

CA Ik CA INGS 1@%&‘&%*8"][:‘11-5] L‘-('.;) ')f:.

E B
BHEHOBERZA I v —F >, REH, HFf0
CA ITHEFEshTVA.  Zhoo@oRE AN
DCA TERIECTAX=»Thsb. AR, %, HF,
ROCA MzAAKBT 3REZIV V> TH B!

4 CA INZAER T 5 BEZAMOCA TLHLEL
Tz dH 5 ( Tashian, RERF—-7). 20
LI, TNTOMABHDO=>DCA 74 V¥4
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Of the 15 electrophoretic variants of CA I which
have now been reported from various human
populations, in only three (CA I 2 Australia,
CA I 4 Australia, and CA I Rmsi) have the
frequencies of the variant alleles been found to
be greater than 2% in some populations. Two of
these, CA 1 2 Australia and CA I 4 Australia®™
were found in Australian Aboriginals, and CA I
Parsi was found in a Parsi population from
Bombay, India.’*

CA Iygg ; and CA I 4 Australia are the only
fast variants of CA I that have been reported.
The electrophoretic patterns of these fast variants
appear to be similar. As yet, however, the

CA I IbHEOERAIMEERNFits 2 AM
HHATHEEEATVEDY, X3 (CA 12 Aust-
ralia, CA I 4 Australia, CA I Parsi ) # i &
HorDEMAT IS LOEREREFECEES
HLTwas, zhsod) b2, CA 12 Australia
& CA 14 Australia® 34 —ZAFZ7 YV 7TORERT
Zvsh, CAIParsi* 34 > FORy N4 D
Parsi £ B S,

CA Tpgs 1& CA 14 Australia X3 A4S THE
ENTVWAECA [OZEREOPTREVERETSH
5. Ih6MBEVERNOBAKB Loty — ¥ 1T
{HlTwvad, CA I4 Australia BREO(LENER

CA I 4 Australia variant has not been
characterized chemically. BadhoTin,
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