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SUMMARY

The 11 human enzymes chosen for this study
because of relatively small coefficients of variation
for mean activity have been surveyed for the
frequency with which activities <66% of the
mean value occur. This criterion should detect
almost all heterozygotes with variants lacking
any activity plus a fraction of the persons with
variants characterized by markedly depressed
activity and/or instability. The enzymes surveyed
are TPI, PGK, AKl, LDH, GAPD, GPI, PK,
6PGD, G6PD, GOTI1, and HK. The number of
determinations per enzyme ranged from 310
to 3,173, for a total of 26,634 determinations,
Family studies have thus far been possible in
52 instances in which the initial observation of
activity <66% of normal was confirmed. In
every instance, a parent exhibited a similar
finding, giving confidence that a true genetic
entity was being detected. With this approach
the frequency of heterozygotes per 1,000
determinations varied from 0.0 (AKI1, 6PGD)
to 13.8 (PK), with an average of 2.4, For these
same systems in this’ laboratory the frequency
of “rare” electrophoretic variants is 2.3/1,000,
the ratio of the latter to the former thus being
1.0 in Japanese, Experience with these deficiency
phenotypes to date suggests that for selected
enzymes such phenotypes can be incorporated
into a program designed to detect mutational
events.

FEEEE AT 2T O RRA RN E T Lk
ZHELTEEAANMAOL bPHRMLEEEIZDNT
EMHEERMEL, FhFhoBEOFEEEEED
66% LITF & T HEOBE @~k -0 EkiE
ks e, BEOE{MVERTOATOESKO
EEAEFTRTE, BEAEICELD LAY, WEEIC
PEELERUBEELZL A AO -SE2MBT 2
ZEHNTES. WMFELABERE, TPI PGK, AK1,
LDH, GAPD, GPI, PK, 6PGD, G&PD, GOTIL,
HK Thol. MEHETER L T0M» S
3,17 £ 40, HBEFRER L, 26,64 T
Hhot. SFTIBEHNEFHEO6%LTFERL -
RZAIZDWBTIE, EERMELEFTHIZLHNTELN,
2 OEFTEERLFER AL o ThOoBTE
FitABOBEREEORL R E s = R,
BMEMBECTHLZLAHE IS, ZOMAR
THHE s AEEEIER AT oESHNTEL 2
ANOHREELL, 1LO0WMESE NV EE2.4TH 5 H,
FOMEGBEETLIZRL 0.0 (AKL, 6PGD) 25
1B3.8(PK)IzbiaTWh FHMEDITHA -
LOLFICEEIIODVWT, "AYOMEETELAER
B LoFn ERBOBER, 2.3/1,00TH 5.
LT, RAOBELLBRALHTR, ER
W FOERYOMA D, FIER TR OB
WM HHEEFLOTHS. HHERLIERMIIONT
SHFETHRAOBLEBRIIBEoTLE, BELRELELS
EHELERRY, RREAKREOLEDOTRYTT A
KHBYT AL THEELEELLATHA .
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INTRODUCTION

Since 1946, a variety of approaches to evaluating
the potential genetic effects of the atomic bombs
have been pursued at ABCC and RERF. At first,
the studies were primarily morphological,’
more recently, the emphasis has shifted to
cytological’ and biochemical studies.®  The
biochemical studies initially relied on electro-
phoretic techniques, but in 1979, following
a strategy developed in Igilat studies at the
University of Michigan,»® the biochemical
studies were expanded to incorporate the use of
a centrifugal fast analyzer, in a search for
mutations resulting in marked loss of activity in
a battery of 11 selected enzymes. The rationale
for this innovation was provided by the numerous
demonstrations that the human ‘inborn errors’ of
metabolism, presumably mutationally derived,
are, when appropriately studied, usunally found
due to marked enzyme deficiencies.® More
recently, there is direct evidence from Drosophila
that the majority of spontaneous and induced
mutations are accompanied by loss or inactivity
of gene product,””® and similar evidence from
the mouse regarding induced mutations.'®~1?

The data resulting from this new facet of the
program should not only in time result in a
substantial contribution to our understanding
of the genetic effects of the A-bombs, but also
to our knowledge of the frequency of a type of
variation concerning which there is at present
relatively little direct evidence. This com-
munication deals with the latter aspect of
these studies. Data on the results of 26,634
determinations distributed over 11 enzymes will
be presented, and since there is to date no
evidence in these studies for mutation resulting
in a severe enzyme deficiency, the findings in the
children of parents proximally exposed to the
A-bombs will be combined with the findings in
the children of distally or nonexposed parents.

MATERIALS AND METHODS

Sample Description

The blood samples processed for these studies
were obtained from children of proximally
exposed (<2,000m) A-bomb survivors and from
children of a matched group of parents, one or
both of whom were distally exposed (2,500+m).
These same samples were examined for electro-
phoretic variants of 30 different proteins (and
possible mutations resulting in such variants);
a more detailed description of the two groups of

v
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children will be found in Neel et al® and Schull
et al.'”® About 40% of the sample is composed
of sibling duos, trios, etc.

Technical Procedures

The procedures to be described reflect the
demands of a program screening a large number
of samples for genetic variants of a series of
erythrocytic enzymes, as contrasted with a
program characterizing in detail a single enzyvme.
In particular, we note that the vagaries of sample
collection in a program of this type®** are not
consonant with the immediate processing and
analysis of samples as they are acquired.

Sample Preparation. Venous samples were mixed
with formula A ACD solution in the ratio of
7:1.% Samples were stored at 4°C for 1-4 days
before centrifugation at 1,200 x g for 20 minutes.
The plasma and buffy coats were then removed
and the packed cells resuspended in an equal
volume of 0.154 M NaCl solution. The suspension
was again centrifuged for five minutes at 1,200 x g,
the supernatant removed, and the washing
procedure repeated once. To remove any
remaining contaminating leukocytes, 1ml of
packed erythrocytes was then mixed with an
equal volume of 0.154 M NaCl and the suspension
applied to a 2ml volume column composed of
equal parts of o-cellulose and Sigmacell (R)
type 50." The column was washed with 10 ml
0.154 M NaCl, effluent and washing collected,
and centrifuged again for 20 minutes at 1,200 x g,
to yield the final sample. Cell counts at this
point with the Technicon Hemalog 8/90 usually
revealed less than 100 leukocytes per 10°
erythrocytes. Depending on the laboratory
schedule, the samples were either subjected to
immediate analysis or stored in liquid nitrogen
(LN2). If immediate analysis was planned
(fresh (FR) samples in Tables 4 and 5), 150ul
of packed cells were mixed with 2.85ml of
B-mercaptoethanol (0.7 mM)/EDTA (2.7 mM)
stabilizing solution (pH 7.0) and the suspension
frozen in a dry ice-acetone mixture, thawed in
tap water, and kept on ice until just prior to
analysis. If the activity analyses were planned
for later, the cells were stored in 150ul aliquots
in LN, until use, (the nitrogen preserved (NP)
samples of Tables 4 and §), then processed as
described above. In view of the findings, it
should be noted that the venous blood samples
were usually held for fewer days if they were
being preserved in LN, than if they were to be
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FELLHENGATVRS. EEo0M0%I1:2 A it
3ADEREASEG TnS.
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ZOTRr A —2OBHEOHHEHL (M3
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HOFIN i, BARFAFEBIZOEL, K 2
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BEEORAR., HBIRMEA S AWK ACD FEil e &
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AR 1,200Xg T5FMELSHL, kE2ms
BEEL, & —MPEiFL A BELTwsAMES
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NaCl LR G L, ZooMEita-tibo—2 R
YU EL(R)BSONDEFAFRERS»SMA2ml
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205 M LML, RMEREEL —opsC
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120k, FMEBKFISO plE f-A N AT vy s —0
(0.7mM) /JEDTA( 2.7mM) # 5 5% % % 2 1k i itk
(pH 7.0)2.85ml ¢ BE L, BBEILFS A 72
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MG IciE, #L % 150 pl +2, Rk 2T
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(NP) Bf4), Lo ciEm el 2~ #lE
FiRAA6RAE, @, HEEEPICEFELAEERD
B, s AORALD L, WIRMEREE s
LT(4TTo) RIFMEPHE G L2ER 31 3.
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subjected to immediate analysis. Towards the
latter part of this study, it was customary to
store all samples in LNy prior to analysis.

Biochemical Procedures. Our procedures in
general followed the recommendations of
Beutler’ and the International Committee for
Standardization in Hematology (ICSH).}® A
36-cuvette centrifugal fast analyzer (Aminco
Rotochem II a/36) was used for determining
the activities of the 11 enzymes and hemoglobin
(Hb) concentration, the former at a light source
wavelength of 340nm and the latter at 540nm,
Determinations were made at 30°C. The analyzer
programs were basically those developed for a
miniature centrifugal fast analyzer in the
Michigan program." The 11 enzymes were:

ZOMEOBRELCEVWTIE, SIFMTICERS 4T
WethSEEF RBTFET 22 & PHEE - 2 -

Efb$ark. e rhPAvissErsdsth
Beutler B U E B H ML B4 (ICSH)E @
MRS 2L CAIfE- A BHF LAy P OEEEAL
51 #7 #% (Aminco Rotochem [ a/36) # BT, 1176
OBECEERUAFEYO Y » (Hb) il a0l L~
A, RBEHEEZWAEOBEITIE3400m £, BEO
WIEIZIZ540nm B/, BlElL 2 #F030C T
T, WLOSHEZEs bah-lETD YL
{3, JAETIZIE Michigan 70 % 3 AT B 8 A
GO ICHEISRALOTES. Y NFORET
FLUTOEENTH S,

1) triose phosphate isomerase (TPI)

EC5.3.1.1

PUF—AFAT7z— b4V A 53— (TPL)

2) phosphoglycerate kinase (PGK)
FAFFIEL— FF+—-4 (PGK)

3) adenylate kinase 1 (AKI1)
TF=lL=-FF%F—+¥1(AK])

4) lactate dehydrogenase (LDH)
FLEE IRk FEEERE (LDH)

5) glyceraldehyde phosphate dehydrogenase (GAPD)

EC27.2.3

EC2.743

EC1.1.1.27

EC1.2.1,12

T LT IT e F-RER R FEEE (GAPD)

6) glucose phosphate isomerase (GPI)
Fho—A-llEE A v 47—+ (GPI)

7) pyruvate kinase (PK)
LYy EeE+— ¥ (PK)

8) 6-phosphogluconate dehydrogenase (6PGD)

EC53.1.9

EC 2.7.1.40

EC1.1.1.44

G-FAF TN B AEEER (6PGD)

9) glucose-6-phosphate dehydrogenase (G6PD)
Sl — A- G- Rk FiEESE (GGPD)
10) glutamate-oxaloacetate transaminase 1 (GOT1)

EC 1.1.1.49

EC26.1.1

TN B -4 XWOBERE NS AT 3 =1 (GOTL)

11) hexokinase (HK)
Ay 4 —+ (HK)

EC2T.1.1

LDH is a tetramer, 80% of whose activity is
contributed by the B subunit. Any wvariant
detected would involve that unit; because of
the nature of the enzyme, an estimate of variant
frequency is minimal. For the GOT] assay,
pyridoxal phosphate was always added to the
sample, in a concentration of 0.02 mM.

LDH @it {aT, ZOEMED80%IEBH 712y M
HEFTS MlEzh3Z82B3uFheBy 72z |
NERBTCLHAZEEbLDhE. BELCZIZIODLEI L
HHA b0 ERAVOEEOHEEITRINOET
HA. GOTL 7ot A iV TIEEICIEBELIZoM @
) F R L IEER 2 AL



A 1:20 dilution of the above-described hemo-
lysate was used for the estimation of Hb and
all enzyme activity measurements except TPI
and GAPD. For the latter two, 1:800 and
1:200 dilutions were employed, respectively.
For the Hb determination, 10 ul of hemolysate
was diluted with 90 ul of water and 400 ul of the
ferricyanide-cyanide reagent of Matsubara.l”
The volume of hemolysate used in the enzyme
assays varied between 5Spul and 30ul. Each
assay entailed between 10 and 30 readings in
the course of the determination. All determi-
nations were in duplicate unless otherwise noted.
Enzyme preparations and substrates were
purchased from Boehringer Mannheim and other
chemicals were of anlytical or reagent grade.

Hb standards against which the results of all
routine enzyme determinations are to be adjusted
were prepared from time to time from a mixture
of one part of packed erythrocytes thrice-washed
with 0.154 M NaCl solution and three parts
of the [-mercaptoethanol-EDTA stabilizing
solution. This mixture was frozen and thawed
and then freed of cell debris by centrifugation
for one hour at 49,000 x g. The Hb concentration
of the mixture was determined at 540 nm with
the cyanmethemoglobin method recommended
by ICSH,'® employing the ferricyanide-cyanide
reagent of Matsubara!” and a Gilford 250 spectro-
photometer. The hemolysates, averaging approxi-
mately 7 g Hb/100 ml, were stored in aliquots of
0.5 ml in LN, until used. Enzyme activities were
converted to international units (IU) per gram
of Hb standard.

Sources of Extraneous Variation. The extent to
which random and/or technical factors might
influence the results was investigated in five
different ways.

1. As noted earlier, determinations were in
duplicate. The coefficient of variation (CV,
standard deviation expressed as percentage of
mean) for duplicate determinations (same
rotor) of the 11 enzymes in 22 persons
varied from 0.58+0.52 for LDH to 1.59+0.96
for HK,
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TPI & GAPD LISk~ T OREZEFEOBE &~
Fa¥ryOflEIZE, Elo2ofE IR AR
ERWwA, TPLIZ2uTES00B cHERLALD,
GAPD 220 T 200 L HIR L AL 0% F v,
ATTOE Y ORDGEOBEIE, EIMEL pl 290 pl @
KEBMBE" D7 25T F-37 2ALEE 100 ul
THMLE, BET o2 CAVAEEMRO RIZRED
Sul EKO W ETTHES ET vz
Lot iw
BAE, WERIAT2EY ST oA BERY
FEE 1T Boehringer Mennheim 225 A L, #OMo
LS OB S IR EROLOEH -

MEHBTELLTTHAETARTOEXEEHNEO
BRAMETARLEG Lz 2~ ®700 v IBHEH L,
0.154 M NaCl ¥ #% T 3 [FEEF L 2 an i Bk g 18010
L A-ANAT |y s —L-EDTA LE{LEH 34
OREH A SHIFEKL 2. CORSHLHERL -
o, BLAE L, 49,000Xe TlBFRIE L GHEEL T
MiagapiLy: BRAEEO~T SO LiREE,
FEpRfEEmk 2 E AL I MRS ST X bt
ruorEt s, RETO 72U TR
7 A A IE B OF Gilford 2505 HREF & Hw T
540mn T GE L 2. T34 7e Hb/ 100 ml O3 MLk
i, 0.5ml FHo5ELT, HHETSE CHREERSD
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OEFREEAL (TU) 2R L 7.

NHEMOTE. S5EHVOEFET, EfEHLOL
BB EOBERSAEOBEER CERLIRLIET»E
W,

1, Mo k92, WEIF2ET- 2. 11O
BEEIZo>nTRAG#2RBIE (Rto—% -
EB) L roE MG (CV, HiFEE
FEEI T AESHEL L TELAM) L LDHO
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2. Machine reproducibility was determined 2. AEYUE Y ENIEOBEIAThIIONT,
for Hb and each of the 11 enzymes by four 4 [HIE 2T, SO ERMEENELA. 40
runs, each involving 10 separate determinations GREET<TERLEB I, 1Eo#lEi i,
of the same enzyme per cuvette head, all lFany by FZoERE—-HA%210[0
four runs on the same day. The results, Fany PlGELE—EBERI20TREL ~.
shown in Table 1, are considered excellent, BEAERLIZRT A, GAPD St Ehs-b 0
except for GAPD, LEbNA.

TABLE 1 ANALYSIS OF THE WITHIN (n=10) AND BETWEEN RUN VARIATIONS FOR
ENZYME ACTIVITY FOR THE 11 ENZYMES INCLUDED IN THIS STUDY

F1 COMETHOANEOBREOEEOR—BIER (n=10) B OHE M O 25 shig i

System Run 1 Run 2 Run 3 Run 4 Mean of 4 runs
TPI Mean 27648 27431 27483 27694 27564
1U/1 SD 240 222 270 211 128
PGK Mean 3134 3137 3094 3114 3120
10/1 5D 18 28 22 16 20
AK1 Mean 2122 2092 2139 2106 2115
U1 SD 18 26 28 12 20
LDH Mean 1671 1633 1685 1654 1661
10/1 SD 8 8 14 10 22
GAPD Mean 1616 1585 1758 1708 1667
IU/1 SD 217 111 110 84 80
GP1 Mean 448 449 458 456 453
1U/1 sD 3 8 2 4 3
PK Mean 123.7 121.6 122.0 119.8 121.8
1U/1 SD 1.3 1.0 0.9 0.9 1.6
6PGD Mean 78.9 78.3 76.8 772 77.8
10/1 SD 0.3 0.4 0.2 0.3 1.0
G6PD Mean 52.4 51.3 49.2 49.7 50.7
1U/1 SD 0.4 0.3 0.9 0.5 1.5
GOT1 Mean 64.7 63.3 63.5 64.9 64.1
10/1 SD 1.4 1.5 1.1 1.0 0.8
HK Mean 11.5 11.8 11.9 11.8 11.7
1U/1 sD 0.2 0.1 0.1 0.2 0.2
Hb Mean 1.332 1.334 1.334 1.326 1.332
g/100 ml SD 0.003 0.006 0.003 0.004 0.004

For each enzyme, all determinations are based on the same blood samples. For details see text.
ZrOBEEIIOE, WERTSTEA-MEFF AT BLiBETEMOZ 2.



3. Laboratory day-to-day differences were
studied by determining in duplicate the
activities of the 11 enzymes in 22 persons
on two separate occasions within a 3-day
interval, the hemolysates for the two sets of
determinations being prepared from different
NP samples. Reagents were freshly prepared
for each occasion. The results, shown in
Table 2, were within acceptable limits.
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3. NTEOEEZAZIIO>VT, F0iEES:
IHMUAGMELY H0T, 2 a2 THlE
TH2ZLILkHT, EROAEEWEFE L.
2ty FOEE THY AEMEIERE SERRAE
EEHrofEmLE HERMEDLIZHFL L
MR L 7. RAE2 IIRT S, FEGBEANT
Hol.

TABLE 2 RESULTS OF DETERMINING THE ACTIVITIES OF THE 11 ENZYMES
OF THIS STUDY IN 22 PERSONS ON TWO SEPARATE OCCASIONS

2 CZOWETHWZLNEOBEZO>WT2Z AG42ElEL-ER
Run 1 Run2
Enzyme Mean sD Mean sSD Run 2/Run 1 X 100
IU/g Hb 1U/z Hb TU/g Hb IU/g Hb

TPI 2331.40 193.12 2303.85 179.68 99%
PGK 272.62 10.45 266.78 12.18 98
AK1 207.70 12.69 193.44 11.64 93
LDH 177.77 16.75 173.13 16.65 97
GAPD 168.97 22.75 165.65 22.32 98
GP1 55.00 5.65 54.65 5.98 99
PK 9.82 1.16 9.71 1.41 99
6PGD 6.04 0.43 6.04 0.41 100
G6PD 6.47 0.58 6.55 0.53 101
GOT!1 4.66 0.56 4.57 0.62 98
HK 0.944 0.078 0.986 0.069 104

Hemolysates for analysis and the reagents were freshly prepared each day, All determinations

were in duplicate.
B CHWAHLAEVRECEAIFRL (AR L

4, The effect of holding 19 whole blood

=

samples at 4°C for some days prior to pro-

cessing is shown in Table 3. Means are based

on duplicate determinations on the same rotor

of each enzyme sample. Not unexpectedly,

over a 7-day period there was in general a

loss of enzyme activity, especially marked in

ILAIEORMECZD STt 2E oMzl k.

4. WAGOEMPEHFALFTEFT24T ©
BAMIERGLARELEES R, T,
FhEFNOBEHEE #1920 TH —~o—¥ —
TENEFLZE@ELABEICR ST T
BE4%, THMTEEGEEIEL T L,
BIZHK £ GOT1 I2ow T2 WA L b i
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TABLE 3 EFFECT ON ACTIVITY (IU/gHb) FOR NINE ENZYMES OF STORAGE OF WHOLE BLOOD
AT 4°C BEFORE PROCESSING AND EFFECT OF HOLDING ERYTHROCYTES IN LIQUID
NITROGEN BEFORE PROCESSING (n=19)

3 ABACEMEACTRAELEAZERUAMNKO S & BAESERIH/ELEZ L (h=19) D,
QM OEEENEE (IU/gHb) 125 2 3% F
4°C In Liquid Nitrogen
Enzyme
Day 1 Day 3 Day 5 Day8 Monthl Month3 Month6 Monthl1s
PGK  Mean 248.54 235.37 230.49 23242 259.82 258.78 259‘5'1" 246.67
SD 13.37 9.57 11.89 12.06 9.96 11.02 11.02 9.92
AK1  Mean 151.73 168.69 166.77 163.32 188.92 196.66 204.11 192.81
SD 20.72 14.81 12.98 14.99 16.87 15.71 16.32 14.12
LDH  Mean 163.01 15345 148.24 145.75 175.66 167.05 174.18 152.47
sD 8.05 7.00 8.19 9.01 8.36 8.32 8.20 7.34
GPl Mean 49.32 4547 45.59 45.01 51.23 50.11 51.61 48.82
SD 4.03 3.36 3.57 4,12 4,12 3.74 3.74 3.60
PK Mean 6.26 6.86 6.74 6.24 7.02 8.51 8.53 197
SD 1.04 1.38 1.37 0.95 11§ 1.34 1.40 1.31
6PGD  Mean 5.57 5.33 5.25 4.82 5.68 5.66 5.86 5.56
sD 0.65 0.60 0.66 0.57 0.59 0.54 0.61 0.57
G6PD  Mean 5.30 5.64 5.26 5.26 5.54 5.72 5.79 5.82
SD 0.65 0.60 0.65 0.71 0.57 0.63 0.57 0.45
GOT1 Mean 4.33 4.14 3.44 3.14 4.21 4.14 4.35 4.51
SD 0.56 0.59 0.66 0.61 0.59 0.52 0.45 0.49
HK Mean 0.854 0.755 0.739 0.570 0.759 0.860 0.883 0.908
SD 0.103 0.104 0.117 0.087 0.082 0.085 0.094 0.090
the case of HK and GOT1. However, AK1 LAaLl, 2o, AKLGCOESFHE R LY

showed higher values with storage over this
time span. These findings resulted in the
decision to hold no samples more than four
days before processing. We also show in
Table 3 the enzyme activities of these 19
persons on the basis of samples processed the
day they were drawn and then studied after
either 1, 3, 6, or 15 months of storage in
LN2. There was no change with storage,
with the possible exceptions of PGK and
LDH. It will be noted when the results are
presented later that the values obtained from
FR samples tend to be lower than those
obtained from LN, samples. This fact, due
to the somewhat shorter average holding
period for samples being processed for
temporary storage in LN, before study,
became apparent early in the program and,
given the way abnormality is defined, neces-
sitated separate standards for the two types
of processing.
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LAEZAGBIOAOBEELELETL . PGK
EULDH 20, RIFICESZERIER LSO
hhodk, AELOBRECELLANESERS
BB e, MEEEAOEE B ERSEEREEE
DEEEIDEEVEmIIS 2 ZEPER S L
£ 9. EERGERNC, —EER CHRMFE D IC
RFLABEFIZENTIE, £MED L E CRTF
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5. Finally, month-to-month variation of a 5. fthiz, FHAMELLOBETH (5%
systematic nature (i.e., drift in the procedures) MAEBEORL) R LA = hic L8
has been considered. This includes the effect S ERR L S A

of changing reagents as a particular lot is Uy POREEHCHEDY, RELMDE L L

exhausted, and is the largest source of non-
biological variation in the study. Although
a preliminary decision as to the occurrence
of a variant was made on the basis of the
daily mean, a final decision was based on
cumulative findings, so that this nonbiological
variation is incorporated into the calculation
of the mean and standard deviation used in
defining abnormality,

Operating Rules. The foregoing suggests that
under proper circumstances technical factors
should not be a major source of error in the
detection of variants as we will define them.
However, in order to minimize the contribution
of technical error or extraneous biological
factors to observed variations, and hence to
ensure the more accurate detection of genetic
variation, a set of operating rules was adopted.

1, If the results of the duplicate determi-
nations did not agree within 5%, that determi-
nation was repeated.

2. When for any single sample the activity
values of four or more of the enzymes were
20% above or below the values for that
day, the results of all the determinations
on this sample were discarded, on the suspi-
cion of hematologic abnormality or sample
deterioration.

3. Daily means and standard deviations were
calculated for each type of enzyme determi-
nation, to monitor the procedures. Any
single value found to be 35% above or below
the daily mean was excluded from the calcu-
lation and the mean recalculated, but the
variant value was of course retained in the
data.

4, If the daily mean for any single set of
enzyme determinations was above or below

OOREFEINSS, ThiEZOMEE
BOTHFEMENEMERL L TERROLOT
b3, ERETHI VENE, HIEOFEHE
ZRE DWW T P E & L A4, ek L R
T TV THF-ADT, COEEHER
ZEEh L, SEOERCFG A T L EEREE
L EHEENL TS,

FRBAl. LEOESERERUEZE, S, BOL
FEMHT T, EERENEOEREZ, KenE#Hic
FAFERBORRIIFOTRFIELBET I L
CEAREEAS, LALANS, MEsnsEH:
w2 EER G O BRI EEO S EMNER
DHEG ER/DRIZL, BEMERE LD EM R
TABT, (EERA LT

1. 2[mOWESREAS %OHMMN T8 L %
Ao e WyElE, WEEHDIEL .

2. FOBEXRIZOoOVTY, 4ATWL ELOBED
EHEEAZOBOFEHHEEZ20% EBlS » LUt
THEH A&, MEELOREXTEFROER
AEEbNZOT, ZOEEROPMERR T T T
BEFEL -,

3. BEEHNED ¥4 7 (likE R RaEsts,
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the cumulative mean by one standard devi-
ation, determinations on that enzyme system
for that day were discarded, on the grounds
of uncontrolled technical factors.

Definition of a Deficiency Variant

General Considerations. The primary objective
of this study was to provide an estimate of the
frequency of heterozygotes for variants charac-
terized by apparent absence of enzyme activity,
for a series of human erythrocytic enzymes
selected on the basis of suitability for such
studies (i.e., selected with no reference to the
probable frequency of heterozygotes). Variants
characterized by mno activity may either be
characterized by the presence of mutationally
altered, inactive enzyme protein or by no protein
at all. The latter are classically termed ‘nulis,
but in practice it is often impossible to be certain
one is dealing with a null (i.e., that no enzyme
protein is present), and to avoid confusion we
do not use the term. While, as noted above,
the occurrence of such activity variants in human
populations is well documented by case studies
of persons with biochemical disorders or by
chance findings in family studies, survey-type
information on the frequency is still quite
scant, Unfortunately, a truly rigorous estimate
of their frequency in humans is not possible
at present, but an approximation is feasible.
On the assumptions that the activity measured
is due to the gene products of alleles of a single
locus and that there is no biochemical compen-
sation, an individual heterozygous for a variant
devoid of activity should exhibit 50% of the
normal activity for the enzyme in question. The
most favorable opportunity for detecting such
variants is provided by enzymes with a CV
<11%. On the assumption that the same CV
(of <11%) should apply to the heterozygote,
then essentially all individuals with two ‘normal’
alleles should exhibit values =67% of the mean
for such homozygotes, and heterozygotes for
no-activity variants should exhibit values <66%
of normal. As shown in Table 4, 6 of the 11
enzymes under study clearly meet these specifi-
cations as regards the CV (TPI, PGK, AKI1,
LDH, GPl, and 6PGD), while two more are
sufficiently close to the desired criteria (GAPD
and G6PD) that, considering the conservative
nature of the criteria, we will define a variant
on the basis of a 66% cutoff point. Three
enzymes (GOT1, HK, and PK) present a problem,
to be discussed later,

10
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TABLE 4 ACTIVITY LEVELS (IU/gHb) FOR THE 11 ENZYMES, WITH REFERENCE TO MANNER OF PROCESSING,

PERIOD OF STUDY, ENZYME PHENOTYPE, AND, FOR SEX-LINKED SYSTEMS, SEX

4 BEBIEE, ], BEOFRE, $FMREOBECOLTEHEMNIC LI NEOBEOEM L <L (TU/gHb)

-~ Electro- Period 1) Period 112)
phoretic Sataiin Skewness3) Putative Skewness3)
phenotype Determinations Mean £ SD Varlants Determinations MeantSD  CV i

TPI NR 1 0 - - - 310 2234%217 9.7 1 ***(minus)
PGK FR 1-Male 313 2529 %187 7.4 0 Mo 85 252.8 £13.8 5.5 0 i

FR 1-Female 346 25531501 5.9 0 * 84 257.6 159 6.2 0 E

NP 1-Male 246 2582 X235 9.1 3 - 693 259.8 £15.0 5.8 0 L

NP 1-Female 285 264.3 £16.9 6.4 0 i 811 266.6 156 59 0 ke
AKl1 FR 1 632 1753 +187 107 0 % 175 185.8 *18.0 9.7 0 -

NP 1 506 202.7 189 9.3 0 - 1550 2024 *16.9 8.4 0 i
LDH FR N 883 160.0 £10.0 6.2 0 * 175 163.7 *11.4 7.0 0 i

NP N 496 167.7 *11.5 6.9 1 - 1580 170.5 £12.8 7.5 1 Lt
GAPD FR 484 1709 £19.6 11.5 3 ok 0 = -

NP 145 165.1 *184 11.2 0 R 0 - - -
GPI¥) FRA 1 276 459 = 41 90 1 - 206 488 + 47 96 1 **(minus)

FRB 1 459 340 £ 32 9.3 2 Ak

NP 1 491 348 £ 33 9.6 1 - 1611 515 = 46 8.8 3 -
PK FR 776 7.2 £ 14 199 12 i 190 8.7 £ 14 16.0 3 -

NP 516 912718 193 13 i 1587 93 & 13 178 25 A
6PGD FR A 708 57 £ 04 1.6 0 - 166 58 £ 06 10.1 0 e

FR AC 152 53 £ 04 8.2 0 - 26 52 £ 05 9.1 0 -

FR Cc 13 49 £ 05 9.8 0 B 3 45 = 04 8.3 0

NP A 395 6.0 £ 04 7.3 0 e 1286 6.0 £ 0.5 8.4 0 b

NP AC 100 56 * 04 7.1 0 e 296 | 56 £ 05 8.4 0 e

NP C 1 4.7 0 14 54 £ 06 116 0 s
G6PD FR Male 355 Si3k Q] 126 1 i 16 59 08 - 138 0 -

FR Female 380 53 £ 07 124 1 - 19 58 £ 06 100 0 -

NP Male 70 58 £ 09 156 0 - 110 6.1 £ 0.6 9.5 0 -

NP Female 99 58 £ 08 139 0 - 106 630y 113 1 -

Continued #t <
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TABLE 4 (Continue #t % )

Bisetics Period I1) Period 112)
System phoretic . Skewness3) . Skewness3)
phenotype Determinations  Mean*SD  CV P“t,m:: Determinations Mean=8D  CV miﬁ}:
GOT! FR 1 839 40 £ 0.7 165 8 ke 201 46 = 0.7 15.6 3 e
FR 1-2 28 30 £ 06 211 0 ey 6 3.3 £ 04 106 0
NP 1 512 44 £ 07 16.7 8 e 1501 46 = 07 145 2 ok
NP 1-2 8 37 £ 05 13.6 0 50 3.7 £ 05 13.1 0 -
HK FR N 827 0.77% 0.11 14.0 1 £k 192 0.78% 0.12 155 0 -
NP N 492 0.88+ 0.11 129 0 ¥ 1634 0.91% 0.15 16.8 1 HEN

Putative enzyme deficiency variants were identified by the criteria described in text. Results do not include the findings on individuals with rare electrophoretic
variants,
BEREERIERBEE b b ORF XA LB THIRL 2, BRIEEAZEARB LEOZTAV L LS AORREE ATV,

1) Period I: An initial, 16-month period. B IM: RO AN
2) Period II: A second, 15-month period. &% 0t: & I # <15 » A1
3) Skewness: Skewness tests not performed whenn<10 £&: ns0HMERTE20EER LA -5,
- nonsignificant H® Tt %
* (0.01 <p <0.05
#* 0.001 <p <0.01
#EE < 0,001
4) As described in the text, GPI data for FR-samples of Period I were further subdivided into FRA and FRB based on the lot number of substrate (fructose-6-
phosphate) employed in the assay.
FATHALLEIE, FIMOENBEEAOGPI NF— 537 oA LHOAERE (777 b—A-6-) 00 FFEFCRTOTWEHNEFA HRERB I 3E L.

€8-T UL 49HY



In addition to heterozygotes for no-activity
variants, however, one can anticipate in a survey
in which the above cutoff point is observed,
also detecting some fraction of a class of alleles
characterized by reduced activity or marked
instability of the associated gene product in
erythrocytes. The smaller the CV, the less the
‘contamination’ of the estimate by such alleles.
But in the case of an enzyme with a CV of
11%, for example, our criteria would result in
the inclusion, with the variants characterized
by no activity, of most variants characterized
by 1%-5% enzyme activity, about 50% of those
with 30% activity, and even a small proportion
with 50% activity. Some progress in sorting out
those various types of alleles should result from
repeated determinations on the individual in
question and extensive family studies. Because
of the mixed spectrum of variants which this
approach detects, we refer simply to the variants
identified in this study as enzyme deficiency or
low activity variants. The emphasis in this paper
is on an attempt to estimate the frequency of
alleles with major effects; any treatment of the
quantitative genetics of enzyme activity will
be deferred until later.

The Special Cases of PK, HK, and GOT1. In the
pilot studies at Ann Arbor, PK levels in adults
displayed a CV of 14.5 and GOT1, 15.2°%
Despite this undesirably large CV, it was decided
to retain PK in the enzyme battery because of
its central position in the glycolytic cycle.
In our studies in Japan, in peneral, the enzyme
CV wvalues are slightly smaller than at Ann
Arbor, perhaps because of the additional step
in sample preparation of removing the leukocytes
with column filtration. For PK, however, the
CV for the unadjusted data (19.6) was greater
in Japanese. Inherited anemia due to PK
deficiency. first described by Valentine et al’?
in Caucasoids, has now been abundantly docu-
mented in Japanese?® The early genetic studies,
of Caucasoids, showed thal the anemia caused
by PK deficiency was due to homozygosity
for an allele which in the heterozygous state
depresses PK levels. Family and biochemical
studies in Japanese have already suggested the
existence of at least seven different PK alleles
associated with anemia.** Studies of the parents
of patients presumed homozygous for a mutant
allele or doubly heterozygous for two different
mutant alleles revealed that only 10 of 19
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had PK activities <67% of normal?* [In
Japan most individuals with anemia due to PK
deficiency retain appreciable PK activity, often
accompanied by electrophoretically abnormal
enzyme. This led Miwa®® to write: “Hence,
it has become increasingly apparent that most,
if not all, of the PK deficiency is caused by
structural gene mutation, and not by decreased
synthesis of normal enzyme protein molecules.”
The interesting genetic possibilities raised by that
finding will be discussed afier the presentation
of the data on PK. In this study, the same cutoff
point will be used for PK as for the other

enzymes (<66% of normal), and later the
consequences of this convention will be
considered.

In the Japanese data the CV for GOT1 (16.5)
is also somewhat higher than in Ann Arbor
adults (15.2), but now there is not a background
of hematologic information suggesting a plausible
explanation. For HK, not run in Ann Arbor,
there is also an undesirably large CV. However,
both GOT1 and HK exhibit marked positive
skewness in the distribution of enzyme values,
a fact which would decrease the number of
persons falling below the 66% cutoff point.
At any rate, we will observe for these enzymes
the same convention as for PK., and return
later to their suitability for a study of this type.

The Sex-linked Traits G6PD and PGK. For sex-
linked traits, the demonstration of a deficiency
variant in males should be unequivocal; for
females, the previous criteria should apply.
However, with our criteria the hemizygous
state in males permits, as will be seen, the
detection of low activilty variants which would
not regularly be detected for autosomal traits.
Care must thus be exercised in comparing variant
frequencies for sex-linked traits with those
for autosomal traits.

Implementation of These Definitions

In practice, any value <66% of the daily mean
for that enzyme was considered a potential
variant, The final decision concerning a variant,
however, was in relation to the cumulative mean.
Some month-to-month drift in enzyme values
was encountered. This drift, a well-known
problem in enzyme activity studies, was much

14

ik, L2308 RENTRIETOFRFNI
DVTZEEATOEGETRTEEbN AR EDEH
KDWTOHMEIZES L, BDAFIOAOZHERED
67% LI F O PK B &R L -8 BTt PK &
WAL ARMABEZFORSEAENE VPR G A

HMELTEY, LIEFLEBERAN ERE 2BEXE
fE3. cOZEH5 Miwa® 2T Ldt>T, FRT
FhAvETH, IEXA L PK SR 3% EE
FOEBRERIZL-THIZOTHIEEL2EESE

HEZFOERMPILLI0TIEEWTENETET
BIF 2o &N TVE, ZOFRICEST
Foh 2 HRE CREATREIZ20 TR, PK@
F—HERALTHSmtT s, ZOMETIE, PKIZL
fhooBESE LRl UHE SN (IEEE066% LI T) V5.
COEEERABABRCOLTIZRTEET 3.

HAAOF— ¢ T3 GOT1 M2 % (16.5) & Ann
Arbor TORADT— # (15.2) &S, 40
EIAHIBOWHEBATES L) A MEE LR
CEAEMITA v, HK 12 Ann Arhor 20t ﬁﬂiﬁéﬂ
Tuhud, ThBZEIHFEI A, EELuF

Tixawv. LALEA5, GOT1, HK wiit, E‘?-&
MO FHIEEVTHELILEDEAZRL L.
SO b, BHOMREL FIZHYS T 5 AHY
Wb+ 3ThHhA3. Libhd, ChoOBHIZPK &
Fl—oni#E@AL, 20Rchon#ERES 20O
MEIZHE L TUEhYIpltuImaIllES.

HMFEOGPD RUPGK. HEBHCEL T
BHEOFEROPEENEIHACEEsH 2T T
Ho, AHEIZ20THERDEENEH & H 5.
LALEHAS, ok 5, e odioy, B
SEREBIZHOT, HREEFEORESIZE

EHE CEZ L EbRABEEE R AN
TES. LT, BMBEEOERTINME - 5
GEEMEOEEEE P LM T 3 ERL 20
R 5% L.

T 2

0 E
FEIRL, BABUEOAFEHOER L TFTOEETT &0
BT TERB T ZMAEA LS. LALEAS

FRYA L) AERMPEALOME L 1.{-3;3;1.-;3
RENTEnA, BERGEEBRIZIZAZEMN 5 SBE
o, COEHISHREEOTEC L TELL



more pronounced for some enzymes (GPI, PK,
GOT1) than others. A major cause is changing
reagents, This problem was especially acute
for GPI. By inspection, to compensate in part
for drift, we decided to divide the date into
two periods, an initial, 16-month period and a
second, 15-month period (Table 4). For GPI,
a change of substrate during the first period had
such a marked effect on the mean that this
period was further subdivided, Since our defini-
tion of a deficiency variant is relative, such
drift introduces noise into the definition. On
the other hand, it will be shown that the CV
values in this study are in general less than
those reported by Beutler'®; norms from other
laboratories undoubtedly also contend with drift.
We note in passing that CV values computed on
a monthly basis, in general, average several
percentage points less than those computed
for the cumulative means. The use of the
cumulative mean thus is a conservative step in
the search for variants.

Family Studies

Preference was given in the selection of subjects
to children both of whose parents were still
alive at the time of last record. Whenever the
presence of a variant in a child was confirmed,
an effort was made to analyze samples from both
parents and as many siblings as possible, not
only with respect to the enzyme in question
but for all the enzymes under study.

RESULTS

Deficiency Variants

The findings are shown in Table 4. For GOTI
and 6PGD, where well-known electrophoretic
variants oceur in polymorphic proportions,
the results are presented separately for the
various phenotypes, and the decision regarding
an activity variant made with reference to the
mean and standard deviation of that electro-
phoretic type. Findings are not presented for
the rare electrophoretic phenotypes encountered.
For the sex-linked traits (G6PD and PGK) resulls
were tabulated separately for sex, on the concern
that sex differences might have to be considered
in the definition of a variant. The presumptive
cause of the difference between the results
from FR and NP samples has already been
discussed. The effectiveness of the steps we
have taken to reduce the contribution of
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extraneous, nonbiological factors to the observed
variances is illustrated by the fact thaf, as noted,
for 10 of the 11 enzymes under study, the CV
values are less than those reported by Beutler'®
obtained with essentially the same methodology.
The one exception is PK, for which there may be
at least a partial explanation, namely, a relatively
high frequency among Japanese of carriers of
PK-deficiency alleles. Because of the relatively
poor reproducibility of GAPD (Table 1) and the
high ratio of false positives to confirmed variants,
the study of this system was discontinued after
the first six months.

Table 5 presents the total number of putative
variants and the results of the appropriate
follow-up studies, “False Positives” are those
which, following the initial low value, on repeat
determinations on a new sample consistently
exhibited values greater than 66% of the appro-
priate mean. Some of these repeat values
remained low, however, and, as will be shown,
occasionally identify additional genetic variants.
Family studies were conducted only on variants
confirmed by a newly obtained sample. In all
52 instances in which a putative variant was
confirmed by a repeat observation and family
studies were then possible, a similar finding was
encountered in one parent or the other. This
is even the case for the three enzymes, GOTI,
HK, and PK, with relatively large CV values,
Because the standard deviations for the various
means are inflated both by laboratory drift in
the means and by the inclusion of putative
variants in the calculation, our estimation of
variant frequencies is somewhat conservative.
This is desirable in the context of a study of
mutation rates. On the basis of this experience,
the prevalence of deficiency variants is computed
for each system on the assumption that among
the variants not yet confirmed, the ratio of
false positive to confirmed will for each system
be as shown in Table 5.

The precise findings vary greatly from locus to
locus. No confirmed variants of AK1 and
6PGD were encountered, whereas the estimated
prevalence of PK variants was 13.8/1000
determinations. The two confirmed G6PD
variants were encountered in unrelated females,
whereas the three PGK variants were in a set
of male siblings. The enzyme levels in the
hemizygotes in the three families concerned
are such that we would not expect to detect
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TABLES NUMBER OF DETERMINATIONS AND PUTATIVE VARIANTS DURING PERIODS I AND II
AND OUTCOME OF FAMILY STUDIES

#5 UEHABRUEIM SIMTERMLELNAL0, RUEEBAEORDR

Confirmed Electrophoretic
Determi-  Putative False  Notyet — _ Activity variants per 1000
System nations  variants positive confirmed  Family studies ;000
Positive Impossible per1000 This sample Totall)
TPI E}; 313] 310 ? i 3.2 0 0.36
PGK M FR 412 0
F FR 1
e g; 4J 2929 g ; 1.0 0 0
F NP 1112 0
AK1 FR 807 0
NP 20s6] 2863 0 0 0
DH  FR
L NP 5332] 3134 2 5 0.6 0 0.16
GAPD FR 484 9 2 1
Ne  1s] 6% by - :
Gl e 2?‘3] 064 ) } : 23 685  5.03
PK FR 966 15 3 1 10 1
NP 2103] 3069 33 & 6 21 5 1238 ’ .
prep E;: ;ggil 3162 3 0 063 049
G6PDM FR 372 1 1
L ol | 1 v e 29
F NP 205 1 1
; FR 108 11 6 4 1
sotl NP ;093] 3173 1o 6 4 1.9 8.19 5.33
HK FR 1019 1 1
NP 2126] 3145 1 03 *
Total  FR 9056 36 14 5 15 2
NP 17578 60 12 6 37 5
Combined 26634 96 26 11 52 7 2.402) 2.8 1.79

1) Frequencies were calculated based on the total of 6,169 children from Hiroshima examined by starch gel
electrophoresis.
BE, LBOTESHEIEA LB VERKNE TR IR TOTHRELE.?

2) Unweighted average of system frequencies.
#oa OBER ZE 1 28U o RN TE .
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with regularity autosomal alleles characterized
by such levels. The unweighted average of
the 11 different frequencies of carriers of
deficiency variants given in Table 5 is 2.4/1000
determinations.

The detailed results of the family studies, where
these were possible, are shown in Table 6. The
results of studies characterizing many of these
variants in further detail will be presented
elsewhere. In Table 6 the electrophoretic
phenotype of the propositus is shown where
appropriate. The position of the propositus and
parents in terms of percent normality and
standard deviations has been calculated with
reference to whether the sample was FR or NP,
and with reference to period I or period Il. Each
of the G6PD wvariants was inherited from the
father; from his activity level we must conclude
preponderant Lyonization of the normal sex-
chromosome in his daughter. Likewise, the low
PGK value in the mother with three affected sons
suggests preponderant Lyonization of her normal
X. Among the parents who, on the hypothesis of
autosomal co-dominant inheritance, should be
the noncarrier parent, there were 40 with values
below the mean (2 with values <66% of the
mean), 3 with values at the mean, and 4 with
values above the mean (2 presumed noncarrier
parents were deceased). This significant departure
from equality (p<0.001) suggests that the
contribution of a low activity background by the
presumed nonheterozygous parent facilitated, in
some cases, the detection of the variant. In
addition, this tendency is so striking with respect
to PK and GOTI1, already characterized by
undesirably large CV values, that one suspects a
recessive-type inheritance in some instances (ie.,
low % low—*very low). On the basis of this
study, these two systems are not felt to be
appropriate to the search for enzyme mutations.

It is of interest to compare the average activity
level of the carrier parents with that of their
proband child. For the non-sex-linked enzymes
with relatively small CV values, for which variants
were encountered (TPI, LDH, GAPD and GPI),
the mean percent value and its standard deviation
in propositi was 50.5+6.0 and in their carrier
parents, 51.1*6.4, For GOTI, the activity was
490+8.3 in four probands and 46.3£13.3
in their carrier parents. For PK, the value in
31 probands was 58.8%+5.7, whereas in the
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HARLELHEBENLEVWSVDHEETH 1.
ESULRTNHEOBE LT AELERLITETN
RIKFEDHETEARL->TWVAN, TNHOHED
FEMMEELEL, 0000z % 2.4 TH 3.

FHMEA TR Ch - b DDV TIRE OIMA R
EROICTFET. ChoOERVOFEMATIIEL <
FHL AR OERITR@ITT. %6 IZEREHD
BARGH EORBFREME R EA T WS, FEEE
ThHIrBXERFELTHL,, LB 1IHEEIE
ODOFTHIIBT AL IZLEEEL 2D, HiEH
BRUMWMBOEEBEAFIEFHEHOWNY TH S » & FRdE
REOKMTERSCEVWDENF I, RFEL £
G6PD MERIVO T L LA LB AISOBETH-
. XBOEELALrEELALE, TOBOIEREYL
P #efa R Lyonization MFERE L { RigMibanT
WA LESRR RIS 2w, R, BEREEET 2
BIa23 AL OB#HOPGK i fEvwzdas, 0
B @ F & 7 X 4482 Lyvonization OFEFE L ¢
A b sh T emBshd, B @i
(HE) BEOBREEATHL LELL246E, BHEAE
TiREwEELISNAME O &, ZOFEEMEIEY
L TOLOEOAN(THMEDB%LELTIEZ A),
FE L L L O3 A, FHEMELL R4 A (A
HZTIELWEEBNE2 ARBFECLTVE) ThH- 7.
ZOLEIEEE D S VIEER R T H LR OIS A
TTEAEBTCHARE LA AbEY, ERCIAER
2 (p<0.001) 2N 2REL TWEZEHE,
BETRAVEELO AN HEY, ERMETEL LM
EHEEFRLAZEFFLELT, EERLOBUYHIILE
ENEBELHIOTHLVALRESNS. MAT,
Z O, BMUERMRHMAIRF I REsnEanT
WARPKBUGOTL LML THEZHETHLIDT,
FPEME (DD, EIFMEXEFE— JEE CEEE)
AEDNSBELHE. ZOMRELEIVTE L,
ChoD _2OBERHEORATR vHETLO
(R R E S S A S T

AT 0

FHEETHAMBEOEEL SO Tl L, BiEE
THHATOTFMOFTNEZBT 5 2 LIXREEFEV.
EFRAUAFFER ENABECEHFREA N E 0
FEEEME BT ORE 3 (TPI, LDH, GAPD % UF GP1)
VT, FOEMHEOEY FAMIIH T 2G5 E
REW L, BRELDVWTOTYELMEREES
kw3 E50.5£6.0, REETHEZTOETIEG.1+
6.4Th-%. GOT1 DEMM I, HEMEL AT
49.0+ 8.3, MAFTHHZTOMTII46.3+13.3 T
Hos. PKizowTid, BEMEI AOMILES.8
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TABLE 6 RESULTS OF FAMILY STUDIES OF THE INDIVIDUALS EXHIBITING
CONFIRMED ACTIVITY VARIANTS

F6 EHERLNIWERIALAOE

Fropositus Mother Father
Enzyme FPheno- Activity % 5D below Activity % Departure  Activity To Departure  Commenls
type MF No.  Sex (IUfgHb) normal mean (IU/g Hb) normal from mean (IU/g Hb)  normal  from mean
(5D) (SD)
TPI 1 F 819.1 37 6.5 1915.3 BA ~1.5 916.2 41 —6.1
PGK 1 M 99.6 39 6.7 126.0 49 -5.6 240.5 93 D8 [
1 M 92.2 36 7.1 126.0 49 -5.6 240.5 93 -0.8 1)
1 M 96.9 3R 6.9 126.0 49 5.6 240.5 93 0.8 |
LDH N M 89.5 53 6.8 164.8 97 0.4 B3.8 49 -6.8
N F 97.5 L 5.1 162.6 95 -0.6 50.9 53 -6.2
GAFD ND F 85.9 50 4.3 129.7 76 -2.1 R0L5 47 ~4.6
GPI 1 | 25.5 56 50 25.0 54 -5.1 45.9 100 0
1 F 9.0 56 4.7 31 97 -0.3 19.0 56 ~-4.7 2)
1 F 264 51 55 3l a7 -0.3 19.0 56 -4.7
| F 16.9 49 5.4 4312 124 +2.5 216 o4 39
1 M 236 18 5.4 46.4 o0 -1.1 24.4 47 -5.9
1 M 229 44 6.2 41.6 81 -2.2 23.2 45 -6.2
1 E 27.9 54 5.1 48.7 95 -0.6 5.9 50 -56
PK N M 4.1 57 2.2 111 153 +2.8 4.6 63 1.9
N M 4.4 61 24 7.0 97 —0.1 4.8 66 -1.7
N M 4.5 63 1.9 8.0 92 -0.5 52 i) 2.4
N M 4.4 61 2.0 1.2 77 -1.2 5.8 62 2.0
N M 4.6 64 1.9 6.1 66 -1.9 4.8 52 -2.6
N M 4.5 61 19 9.1 100 ] 5.7 63 —-1.2
N F 39 54 24 4.1 45 ~-2.8 7.6 B2 ~1.0
ND M 4.7 65 1.8 4.5 48 -2.8 8.1 87 —0.7
ND M 5.1 56 2.2 6.1 66 -19 B.S L 0.5
N M 58 63 1.8 8.3 89 ~0.6 5.4 58 2:3
ND M 4.6 51 2.5 T2 79 -1.1 4.6 50 -25
ND M 5.9 65 1.8 9.3 100 0 6.2 66 ~1.8
ND M 5.6 64 22 7.5 81 1.1 5.8 62 -2.1
ND M 5.2 60 T35 7.8 84 -0.9 5.6 60 2.2
ND M 5.5 39 22 8.2 88 ~0.6 5.0 54 -25
N M 6.0 64 1.9 dead - - 5.6 60 2.2
ND M 5.4 38 23 10.5 113 +0.7 6.1 6 —-1.9
N M 5.0 54 23 6.6 T -1.6 6.1 66 —1.9
N M 55 59 2.2 4.8 52 16 6.5 0 ~1.6
ND M 52 56 24 58 62 -2.1 LR 20 0.5
ND F 36 ] 2.2 1.7 83 -0.9 19 42 -3.2
ND M 5.6 &0 2.2 5.5 59 -2.2 Tk 17 -1.2
ND F 5.1 55 2.5 8.4 i) ~0.5 59 63 2.0
ND M 4.4 47 2.9 9.4 101 +0.1 5.0 54 2.5
ND F 6.0 63 1.9 7.3 83 -0.9 6.1 66 -1.9
ND M 5.7 61 2.1 8.8 95 0.3 3.3 57 2.4
N M 5.4 58 2.3 6.1 (13 -1.9 6.9 74 1.4
N M 56 a0 2.2 7.3 78 -1.2 5.5 59 -2.2
ND M 6.1 66 1.9 7.4 80 -1.1 4.4 47 -29
ND M i6 39 34 19 42 3.2 B.8 95 -0.3
ND M 5.3 57 24 7.8 84 0.9 5.5 59 2.2
G6FD NIV F 2.7 37 5.2 98 -1 2.7 51 37 2)
NIV F i.5 55 4.0 6.1 96 -0.3 3.2 52 —4.8
GOoT 1 F 2.7 61 2.4 3.0 65 -2.3 dead - -
1 M 2.1 48 33 35 76 -1.6 1 46 -3.6
1 F 1.9 44 36 £X1) 65 -2.3 1.6 35 4.3
1 M 20 43 3.7 1.8 39 4.0 3.7 80 1:3
HK N

F 0.46 51 0 n.80 &8 0.7 0.40 44 -34

See next page for Footnotes. 1
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The designation of position with reference to the mean is specific to the period of study.
THACHLTEIOIREFRLTLIHLVTARG, MEAFRAAERMOTHRACE SUTHF- L.
1) Three persons having PGK variants are male siblings.

PGE &4 23 ARMEaomBETHS.

2) and [ are femae siblings.
I o iiaT s 5.

3} Two propositi are uncelated females, Each of them showed an anodally migrating variant band with normal band of GEPD. Activities were compared
with that of normal. Each of their fathers is a hemizygote of G6PD variant,
RMADZARERMEO v ThHS, vPht, BEMIHERT SRR FETERHEOGEPD #1- FLERLE. HitE
FREHEERMLL. 202 AOXBUOFALGIPD ERTOA IBEETHS,
In the “phenotype™ eolumn, ND, N, and N/V indicate, respectively, that electrophoretic analysis for the variant was not done, that the phenotype was
normal, or that bands of normal and variant mobility were ohserved,
HUEOMT, NDRFOERMCRNGRMEC LI N T Lo s, NIEARMAERTHE A2 L, N/VRIERS
BMmeft iy FLUBRCEROS Sy FARGhEZEEET,

carrier parents it was 57.8%7.4. Assuming a 57, BAFETHA2OBTIIS.87.4ThH- 7.
mixture of no-activity and low-activity variants il oa e BRI S ME R UL S o 4 B R
in the ?fa.rlants being deteFteq, the latter d.ata MR ENS L RET AL, BEOF—51E, Ml
can hF u}z‘%erprcted as confirming the s.uggestlon SHAPKZEREO 5 & I o null 1t EGE £ h o
of Miwa® that true nulls are relatively less s o S R AL i
common among detected PK variants, but the b3e\) Miwa DRIES & /MU S EEL 5N,
data are consistent with the possibility that Rz 27— #13, null QKRS 2 O (5T
the absolute frequency of nulls is increased at THML T3 alEEEEZET2L0ThH 5.
this locus.

FKADOMRETIE, ChoOBED S HBHE(#£5) 12
Routine electrophoretic studies are performed SWTERAMZC L SMELAHMREL L TH-T
in this laboratory on eight of these enzymes VA SO ERE LS LR R, WA
(Table 5). Among the 19 confirmed variant CrAaBERELTONAEAD S &, 28K (2
samples for which routine electrophoretic studies DG EPD TR 02 28Rk EORE Lo R
were performed, only 2 were also characterized T Tt h e LR 2 S
by electrophoretic abnormality (the two G6PD t’_ﬁl'hﬂt' '&)‘ wﬁﬁﬁ%’“f’ I_)KI fji‘]h;%ﬁﬁ "“
variants). PK and HK are not routinely analyzed m&L .L' e ‘ﬁwm%?”*ﬁ {’5 -~ . ‘_3} ﬂ&}
electrophoretically in this laboratory, but 13 of OPK FEERYO 5 S1B@IZIEAYT7YNT IF
the 31 PK activity variants and one HK activity IR A, Lo HK G285 (2128
variant have been subjected to polyacrylamide PLBRRKMESETo~. LAL, ZHICKk-THRE
gel electrophoresis and starch gel electrophoresis, BRETE L ok, 2O, TWRAD EORY
respectively, with no finding of abnormality. FREETE AV LETFRENECLTHE. KA
'II‘hls failure to detect.electrophoretlc abno?n}ahty 5h. HOBEERAERELE KGN EYT
is to be expected, since true enzyme-deficiency N S B o
variants of course exhibit no enzyme activity, b33 eknBrk, HEERRBELATETREY
electrophoretically normal or otherwise, and the L, &L, EiFMEZERI L IR EET TR
low activity variants detected by these criteria, XN SRR s, W ICE AT R s )
if also characterized by an abnormal electro- B LV S R AUE, W E OBBRRGEN L
phoretic mobility, should not usuvally exhibit s B co e ) - N
sufficient activity on starch gel electrophoresis WARAM 20T, BEPIRE LD SBER/YF
to create a recognizably abnormal enzyme band. EER A AEOFERETR T LB E2VASETH S,

Depressed Activity Variants .

We have sought to identify a class of variants BEOPPEVERSD _
showing lesser degrees of activity impairment SRR E D &GO ORES D EVESR
than those just described.  Two different MOBFAEERLE I LR AE BE5° 20008 %
approaches have been pursued. Both parents Huare, B L L ATE S EO66% KT hH 2 2 & A,
wfe.re exam;r{ed with .1'e.ference to all 26 persons 5L WA CHIEE R hor (E5ROMBLO
with unconfirmed activity levels <66% of normal : i _r A, P
(the false positives of Table 5). Two persons ZRE)BALZOVT, ZORH HafT-
(MF - and MF ) whose GOTI 2 [BlH QM T GOT1 AT H D6T% & 0 k& Hor
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values were grealer than 67% of normal on the
second examination (80% and 70%, respectively)
were found to have abnormal parents, the father
of the former with 45% of normal activity and
the mother of the latter with 48%. A third
individual (MF ) whose original GPI value
of 63% of norm PI type 1) was followed by
a second determination of 82%, was found to
have a thermolabile variant of this enzyme, as
did her mother.?

The second approach involved family studies
of 15 of the 35 persons in whom particular
enzyme activities were 2.5 standard deviations
below the mean, but greater than 66% of normal.
This may be considered an effort to evaluate
the frequency of false negatives, Three of these
15 proved to be heterozygous genetic variants,
The first individual (MF ) presented with
a confirmed AK1 value 67% of normal, just
above the cutoff point. Her mother exhibited
66% of normal activity. Both these values were
>4 standard deviations below the AK1 mean.
In our paralle]l study of thermolabile \.rariants,:"4
the AKI1 of these two individuals exhibited
significantly decreased thermostability. Thus the
variant is most likely a rapidly degraded and

thermolabijle isozyme, The second individual
(MF ) exhibited a confirmed AK1 value
of 73% of nommal, 2.5 standard deviations

below the mean. The value for her father was

54%. Here, too, abnormal thermolability could
be demonstrated. Finally, one individual
(MF with a GPI value of 77% (2.6 SD

below the mean) exhibited abnormal thermo-
lability, as did her father, with an initial GPI
value 86% of normal. It is an arbitrary decision
whether these four individuals with abnormally
thermolabile enzymes be scored as activity
variants in this paper or thermolability variants
in a forthcoming report; we will pursue the
latter course. Although these findings provide
evidence for an additional class of activity
variants beyond those whose occurrence is scored
in Table 5, the manner of their ascertainment
is not such as to provide a reasonable estimate
of their frequency. It does not, however, appear
that the data are seriously biased by false
negatives. We will not utilize the data of this
section for normative purposes, other than to
include the variants associated with abnormal
thermolability in a subsequent paper.
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DISCUSSION

The foregoing data establish that under the
conditions and conventions which have been
described, it is possible, in the setting of a
survey such as this, to identify a class of persons
with low enzyme activities which, from the
manner in which the trait segregates in families,
must be predominantly the result of codominant
inheritance. Mohrenweiser,” under slightly
different circumstances, has presented similar
findings. The existence of such variants has of
course been very well documented in the genetic
literature for some time, largely on the basis
of studies of inherited biochemical disorders,
but the advent of such technical innovations
as the centrifugal fast analyzer has greatly
facilitated surveys such as the present one,
on representative enzymes selected without
reference to their disease potential.

It would thus appear that for selected enzymes
(except PK, HK, and GOT1 in Japanese) this
methodology adds a new parameter to the
evaluation of the genetic effects of the A-bombs,
and this approach has been incorporated into
the ongoing biochemical studies for their
duration. On the other hand, on any reasonable
projection, the numbers to become available
cannot be expected by themselves to provide
decisive insights, and must be considered as one
more additive component to a body of data,
none of whose components considered separately
is apt to yield a statistically decisive finding.'?
Establishing the mutational origin of any specific
isolated deficiency variant (i.e., a loss of activity)
will, however, even with a variety of special
studies, be inherently more difficult than
establishing a similar origin for an isolated
electorphoretic variant, but, should more isolated
deficiency variants be encountered in the children
of parents exposed to a known mutagen than in
suitable controls, this can be considered as
presumptive evidence for an increased mutation
rate.

As is apparent from Table 4, most of the distri-
butions exhibit positive skewness.” This
displacement of the mean to the right of the
mode, of course, is reflected in an increase in the
standard deviation; especially for enzymes with
large CV values, a criterion for abnormality
of <66% normal enzyme activity is more
conservative than one based upon an enzyme
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activity 34% above the mean. However, given
the primary orientation of this program towards
the detection of mutations resulting in greatly
reduced enzyme activity, it seems best to retain
such a conservative approach.

Data are available on the frequency of deficiency
variants of two additional enzymes in the
Hiroshima population. Hamilton et al*® en-
countered 10 individuals with approximately
half-normal values of whole blood catalase
among 10,679 persons tested. These persons
were presumed heterozygotes for the allele
which in the homozygous condition results in
acatalasemia.’”  Since rteports of this latter
entity thus far have been largely restricted to
Japanese, with a few other Mongoloids, and
since surveys reveal a 10-fold variation in the
frequency of heterozygotes in various Japanese
populations, the Hiroshima carrier frequency
of 0.9/1000 cannot be extrapolated to other
populations. The other preliminary data stem
from immunochemical quantitative analyses of
the amount of erythrocyte carbonic anhydrase
I and II (CA I and CA 1I) in the Hiroshima
population.?® Among 3,170 individuals, 14
had CA I values 2.0 standard deviations below
the mean. Family studies on eight of the
individuals revealed the condition to be inherited;
the other six individuals are not yet studied. On
the other hand, there was only 1 outlier in
3,170 assays for CA II; the genetic nature was
confirmed by a family study.

The frequency of individuals with enzyme
deficiencies as here defined in a survey in the
US of nine enzymes of newborn infants, of
2.4/1000 enzyme determinations (95% confi-
dence intervals = 1.4 and 4.0),>* was very
similar to the findings in Japan. (Because of the
inclusion of siblings in this material, these errors
are approximate.) However, almost half of the
variants encountered in the US involved TPI
in blacks, in whom such variants achieve poly-
morphic frequencies,  Blacks comprised 10%
of the US series. When the findings in non-
Caucasians are excluded from consideration and
the comparison limited to the eight enzymes in
common in the two series (TPI, AK1, G6PD,
GOT1, GPI, LDH, PGK, and PK), the frequencies
are for US Caucasoids 1.6/1000 determinations
(95% confidence intervals = 0.7 and 3.2)*
and for Japanese 2.5/1000 determinations
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(95% confidence intervals = 1.9 and 3.3).
However, the higher frequencies in Japanese
are primarily due to the frequency of depressed
levels of PK; we have already expressed reser-
vations concerning the interpretation of some of
the depressed levels as the result of simple
heterozygosity for enzyme deficiency variants.
Both the studies of Miwa et al** and Ishida et al*?
quoted earlier and our own suggest an unusually
high frequency of PK variants in Japanese. Since
in only half the instances of PK hemolytic
anemia studied by Miwa et al did a parent show
enzyme activity levels <66% of normal, then on
the assumption that all variants involve alleles
at the same locus and that allele interaction
resulting in PK anemia has no unusual features,
the total carrier frequency for alleles which when
homozygous or doubly heterozygous result in
PK hemolytic anemia, can be estimated from
our data to be 27.6/1000 persons. Furthermore,
given the frequency of individuals apparently
heterozygous for PK alleles associated with
very little enzyme activity but the persistence
of considerable PK activity in many persons with
PK anemia, we are led, after allowance for the
fact that the latter have a preponderance of
relatively young red cells, to suggest that
homozygosity for alleles associated with no gene
product may be an in utero lethal.

The frequency of individuals heterozygous for
variants associated with no detectable activity
in a survey of 20 autosomal loci in a Drosophila
melanogaster population was 2.5/1000 determi-
nations in a North Carolina population,3° and
2.3/1000 in a London population.®® For the
nine autosomal loci in this series, the frequency
was 2.6/1000. Since our figure may be some-
what inflated by the inclusion in our series of
some individuals with alleles associated with low
activity levels, the agreement between the two
series is striking. Given the apparently lesser
opportunities for natural selection in man, as
measured by the lower variances of survival
to adulthood and of fertility of adults, as well as
other differences in population structure, the
similarity in these two figures raises some
currently unresolvable questions concerning the
regulation of the frequency of alleles of this
type in populations.
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